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This  report  was  prepared  by  the  Boeing  Company,  Vertol  Division  under 
the  terms  of  Contract  DAAJ02-70-C-0042 .  It  documents  a  program  of  design 
and  design  analysis  of  an  advanced-technology  holst-drlve  subsystem 
applicable  to  a  family  of  airborne  cargo  hoists  with  capacities  ranging 
from  12,5  to  50  tons,  Boeing  concluded  that  a  pneumatic  drive  system  has 
the  best  potential  for  powering  a  high-capacity  cargo  ho 

The  pneumatic  hoist-drive  power  system  concept  within  :  context  of  an 

integrated  secondary  power  concept  represents  a  feasible  solution  to  cargo 
hoisting  problems  associated  with  a  high-capacity  external  load  handling 
system.  The  feasibility  of  the  pneumatic  concept  has  been  further  sub¬ 
stantiated  under  the  HLH  component  development  program,  and  a  pneumatic- 
powered  hoist  is  specified  for  the  HLH. 

The  conclusions  contained  herein  are  concurred  in  by  this  Directorate. 

The  technical  monitor  for  this  contract  was  Mr.  Richard  E.  Lane  of  the 
Aircraft  Subsystems  and  Equipment  Division. 


summary 


Future-generation  cargo  helicopters  will  carry  significantly 
larger  payloads  than  present  helicopters;  therefore,  the  hoist 
systems  of  these  helicopters  must  also  handle  larger  loads. 
Future  systems  may  be  required  to  accommodate  loads  up  to  50 
.  tons  or  greater. 

Previous  studies  of  current  airborne  hoist  systems  handling 
external  loads  indicate  that  we  cannot  simply  use  present 
technology  to  design  hoist  systems  with  larger  capacities. 

Such  extrapolations  of  current  technology  will  result  in  exces¬ 
sive  weights,  incompatible  configurations,  complex  controls, 
and  other  undesirable  factors. 

This  report  documents  a  program  of  design  and  design  analysis 
of  an  advanced-technology  hoist-drive  subsystem  applicable  to 
a  family  of  airborne  cargo  hoists  with  capacities  ranging 
from  12.5  to  50  tons.  The  work  was  performed  in  two  phases: 
Phase  I,  preliminary  design  and  analysis;  and  Phase  II,  final 
design. 

It  is  concluded  that  a  pneumatic  drive  system  shows  the  best 
potential  for  powering  these  high-capacity  hoist  systems. 
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FOREWORD 


The  Boeing  Company's  Vertol  Division  conducted  this  program 
for  the  Eustis  Directorate,  U.S.  Army  Air  Mobility  Research 
and  Development  Laboratory,  under  contract  DAAJ02-70-C-0042 
(DA  Project  1F162203A254)  . 

USAAMRDL  Technical  direction  for  this  study  was  provided  by 
Mr.  Richard  E.  Lane,  Project  Engineer,  Air  Cargo  Systems 
Branch,  Aircraft  Subsystems  and  Equipment  Division.  Additional 
direction  and  guidance  were  obtained  from  Messrs  J.  E.  Forehand 
and  J.  N.  Daniels  in  their  initiation  of  coordination  meetings 
on  concurrent  complementary  subcontracts  under  their  sponsor¬ 
ship.  As  a  result,  such  coordination  meetings  were  held  be¬ 
tween  Boeing-Vertol,  Battelle,  and  Northrop  to  integrate 
requirements  and  criteria  for  the  hoist  drive,  tension  member, 
and  load  stabilization  studies  related  to  external  cargo 
transport  by  helicopter. 

Significant  contributions  were  also  made  by  industry  in  fur¬ 
nishing  substantiating  performance  test  data  demonstrating  the 
feasibility  of  the  pneumatic  hoist-drive  concept.  The  authors 
gratefully  acknowledge  this  assistance  by  the  following: 

AiResearch  Manufacturing  Division,  The  Garrett  Corporation, 
Phoenix,  Arizona,  and  Los  Angeles,  California 

Battelle  Columbus  Laboratories,  Long  Beach,  California 

Bendix  -  Fluid  Power  Division,  Utica,  New  York 

Hamilton-Standard,  Division  of  United  Aircraft,  Windsor  Locks, 
Connecticut 

Northrop  -  Nortronics ,  Hawthorne,  California 
Plessey  Airborne  Corporation,  Hillside,  New  Jersey 
Rolls-Royce,  Inc.,  Small  Engine  Division,  Leavesden,  U.K. 
Sundstrand,  Aerospace  Group,  Rockford,  Illinois 
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SIGNIFICANT  FINDINGS 


Technology  to  support  transition  from  current-capacity  hoist 
drives  for  system  capacities  to  next-  and  future-generation 
cargo  transport  helicopters  has  been  established  as  a  result 
of  this  study.  This  technology  is  based  on  the  pneumatic 
power  system  concept/  which  knows  no  practical  limit  on  hoist 
system  capacity  predicated  on  the  safe  assumption  that  the 
airborne  vehicle's  main  propulsion  power  is  derived  from  modern 
large  airflow  capacity  air-breathing  power  plants. 

Representative  current  technology  drives  were  based  on 
USAAVLABS  Technical  Report  67-46*  and  Report  67-51**.  Both 
studies  are  based  on  hydraulic  drive  concept  designs. 

The  pneumatic  hoist-drive  power  system  concept  represents  ad¬ 
vanced  technology  due  to  a  variety  of  factors/  the  most  out¬ 
standing  of  which  are: 

•  The  power  medium  is  nontoxic  and  nonflammable. 

•  Fluid  logistics  are  eliminated. 

•  System  weight  is  low. 

•  Personnel  and  fire  hazards  are  minimized  due  to  low 
system  pressure  and  temperature. 

•  Pneumatic  system  is  inherently  flexible,  is  compatible 
with  other  aircraft  power  systems,  provides  for  growth 
capability  including  modifications,  and  permits  ease 
of  integration  and  air  vehicle  installation. 

e  Small  leaks  will  not  affect  mission  performance  and 
are  easily  repairable. 

•  Bidirectional  overspeed  capability  is  nearly  200 
percent  of  design  speed  with  empty  hook  and  propor¬ 
tionately  higher  speeds  with  partial  loads. 

•  System  reliability  is  good,  and  maintenance  is  at  a 
minimum. 


’USAAVLABS  Technical  Report  67-46,  Deeign  Study  of  Heavy  Lift  Helicopter  External  Load  Handling  System, 
November  1S67,  AD828283. 

”  USAAVLABS  Technical  Report  67-61,  Heavy-Lift  Helicopter  External  Cargo  Handling  Syttem  Dedgn  Study, 
October  1967,  AD826631L. 
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•  Performance  efficiency  is  high,  and  the  turbine  motor 
characteristics  are  ideally  suited  for  dynamic  brak¬ 
ing,  thus  eliminating  mechanical  friction  brakes  and 
their  associated  heat  dissipation  and  wear  problems. 

e  The  air  turbine  characteristics  are  inherently  well 
suited  to  compensate  for  transient  acceleration  loadings. 

e  Fuel  cost  to  perform  hoisting  mission  is  very  low. 

Substantiations  of  the  above  are  discussed  in  detail  in  the 
text  of  this  report.  Some  of  the  highlights  with  reference 
to  the  appropriate  text  sections  are  as  follows: 


SYSTEM  WEIGHT 

Based  on  a  50-foot  separation  distance  between  the  hoists  and 
the  power  generation  source,  the  comparative  system  weights  of 
the  pneumatic  and  hydraulic  (current  technology)  drives  with 
a  capacity  of  25  tons  show  marked  differences.  The  hydraulic 
drive  with  a  single  power  source  would  weigh  874  pounds; 
redundant  power  would  weigh  414  pounds.  This  gives  a  system 
total  of  1288  pounds.  But  the  pneumatic  drive  weighs  only  286 
pounds  —  265  pounds  for  single-power  source  and  21  pounds  for 
the  redundant  power. 


ESTIMATED  POWER  LEVEL  REQUIRED 


Power  requirements  for  current  versus  advanced  technology 
drives  based  on  continuous  full-capacity  hoisting  are  184 
horsepower  for  the  pneumatic  concept  and  186.3  horsepower  for 
the  hydraulic  concept.  No  power  consumption  is  required  for 
the  pneumatic  approach  during  transport  when  main  engine  bleed 
power  is  utilized.  The  hydraulic  concept  requires  continuous 
power  estimated  at  25  percent  of  total  due  to  continuous  pump 
rotation  powered  by  the  main  transmission. 


SAFETY,  MAINTAINABILITY,  AND  RELIABILITY  CONSIDERATION 

Comparative  evaluation  of  the  above  factors  indicates  superi 
ority  of  the  advanced- technology  pneumatic  concept  in  every 
respect,  as  substantiated  in  the  text. 


HEAT  DISSIPATION  REQUIREMENTS 

Based  on  continuous  hoisting,  the  heat  generated  for  both 
systems  is  2630  Btu's  per  minute  for  the  hydraulic  and  270  Btu's 
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per  minute  for  the  pneumatic  concept.  A  nonregenerative 
braking  of  the  hydraulic  system  requires  3940  Btu's  per  minute 
heat  dissipation  capacity. 


FUEL  COST  OF  BLEEDING  MAIN  ENGINES  FOR  HOISTING 


Utilizing  main  engine  bleed  air  as  the  power  source  for  pneu¬ 
matic  hoisting  proved  to  be  the  most  economical  of  any  prac¬ 
tical  hoist-drive  concept  when  the  hoist  drive  is  designed  on 
an  integrated  basis  and  when  the  main  engine  propulsion  system 
is  designed  for  one  engine  out  (OEI)  capability. 

The  fuel  cost  data  presented  in  the  text  were  corroborated 
with  three  independent  engine  manufacturers.  Assuming  engine 
A  to  be  representative  of  the  installed  power  plant  (this 
engine  was  selected  for  the  Boeing  HLH  design) ,  the  total  fuel 
consumption  for  continuous  2 5- ton  full-capacity  hoisting  is 
approximately  55  pounds  per  hour,  based  on  simultaneous  three- 
engine  bleed. 

As  to  practical  aspects  of  hoisting  power  utilization,  it  is 
expected  that  full-capacity  hoisting  will  not  exceed  10  per¬ 
cent  of  flight  time.  On  this  basis,  the  total  fuel  cost  for  a 
one- hour  mission  is  5.5  pounds. 

Bleeding  the  engine  has  an  additional  advantage  in  that  no 
independent  rotating  components  are  required.  The  bleeding 
system  is  required  for  other  aircraft  functions  such  as  main- 
engine  starting. 


REVERSE  ROTATION  AND  OVERSPEED  CAPABILITY 

On  the  basis  of  actual  tests,  the  empty  cable  payout  is  accom¬ 
plished  with  a  separate  reversing  wheel  mounted  directly  to 
the  hoisting  wheel  shaft.  No  clutch  is  required.  The  re¬ 
versing  wheel  peak  power  output  is  designed  for  the  200-per- 
cent  rotation  of  the  hoisting  wheel  speed.  The  reversing 
wheel  drag  is  estimated  to  reduce  the  empty  cable  hoisting 
speed  between  190  and  195  percent  of  the  hoisting  design  veloc¬ 
ity  of  60  feet  per  minute. 

Efficiency  reduction  of  the  hoisting  wheel  is  estimated  to  be 
1  to  2  percent.  This  reduction,  however,  is  offset  by  the  elim¬ 
ination  of  the  complexity  of  clutch  installation;  considering 
the  low  fuel  consumption  for  main  engine  bleeding,  it  was 
decic’ed  to  accept  this  penalty  in  performance. 
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THE  HOIST-DRIVE  SYSTEM  DESIGN 


The  selected  hoist  system  design  was  based  on  considerations 
of  fuel  consumption,  producibility,  and  practicability. 
Demonstration  tests  of  relative  performance  included: 
dynamic  braking,  acceleration  of  the  system  rotational  speed, 
heat  generation  during  hoisting  and  dynamic  braking,  capability 
of  accommodating  acceleration  loading,  and  bidirectional  over- 
speed  capability. 

The  significant  highlights  of  the  design  are: 

1 

e  The  selected  turbine  was  axial  due  to  higher  acceler¬ 
ation  (stall  torque)  accommodation  capability  and 
superior  dynamic  braking  capability.  The  torque/ 
speed  linear  characteristics  in  both  positive  and 
negative  speed  regions  simplify  further  the  coptrol 
system  design. 

1 

•  To  accommodate  turbine  reverse  rotation,  an  indepen¬ 
dent  reversing  turbine  was  installed  and  is  directly 
coupled  to  the  hoisting  wheel  shaft. 

e  There  is  no  mechanical  disconnect  or  c lutching  be¬ 
tween  the  hoisting  wheel  hnd  the  load 

e  Clutching  between  the  reversing  wheel  and  the  hoist¬ 
ing  wheel  is  eliminated  due  to  complexity  and  main¬ 
tainability  requirements.  The  aerodynamic  drag 
torque  of  the  reversing  wheel,  based  on  tests  con-  , 
ducted,  is  relatively  low  due  to  smaller  reversing 
wheel  size. 

•  The  design  is  capable  of  200-percent  reverse  hpeled 
rotation  and  nearly  200-percent  over  design  speeds 
in  hoisting  mode  with  no  load. 

•  Fixed-nozzle  configuration  was  selected,  with  up-1 
stream  flow  control  valves.  The  variable  nozzle 
approach  was  discarded  due  to  complexity  of  instal¬ 
lation.  The  potential  minor  improvement  in  perform¬ 
ance  at  the  same  partial  load/speed  capacities  is  offset 
by  better  acceleration  accommodation  of  the  fixed 
nozzle  coupled  with  the  low  cost  of  fuel  due  to  minor 
increase  in  the  airflow  when  derived  from  bleedihg 
the  main  engines. 

•  The  static/emergency  brake  is  installed  downstream  of 
the  high-speed  gearing  reduction  within  the  ATM 
housing.  This  approach  permits  low-weight  and  low- 
torque  brake  design. 
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•  Forced  lubrication  was  assumed  for  the  turbine  shaft 
bearing  and  for  the  high-speed  gear  reduction.  The 
pump  was  assumed  to  be  a  G -rotor  attached  to  the 
shafting  and  capable  of  pumping  in  any  rotation. 

•  A  cooling  system  was  not  designed  for  this  applica¬ 
tion.  Based  on  similar  power-drive  applications,  it 
was  found  that  natural  convection  and  conduction  will 
be  adequate,  particularly  due  to  intermittent  hoist¬ 
ing  application  with  rather  long  duration  nonhoisting 
periods  while  transporting  the  acquired  load  with  the 
helicopter. 

•  The  control-actuation  power  was  assumed  to  be  pneu¬ 
matic  primarily  due  to  the  availability  of  this  type 
of  power.  The  control  functions,  including  response, 
can  be  accomplished  Satisfactorily  with  the  pneumatic 
concept. 

RISK ASSESSMENT 


Other  than  problems  normally  associated  with  turbomachinery 
development,  there  are  no  risks  of  consequence.  Some  com¬ 
promise  regarding  an  optimum  turbine  efficiency  goal  of  85  per 
cent  may  have  to  be  made,  not  because  of  available  technology 
to  achieve  this  objective  but  on  the  basis  of  cost  effective¬ 
ness  of  efficiency  versus  dollars  when  the  system  is  analyzed 
on  a  full  aircraft  integration  basis.  No  problems  to  achieve 
80-percent  compressor  adiabatic  efficiency  are  evident.  Size 
and  weight  penalty  are  inconsequential  for  the  turbine,  the 
compressor,  and  the  power  conductors. 

The  selected  fixed-nozzle  geometry  design  is  considered  ade¬ 
quate.  The  complexity  of  variable-geometry  turbine  nozzle 
designs  is,  for  this  application,  not  warranted.  The  limited- 
potential  airflow  savings  at  some  partial  load  or  speed  is 
not  considered  adequate  to  utilize  the  complexities  of  the 
variable-nozzle  approach. 

I 

The  control  design  primarily  for  the  synchronization  speed 
capability  of  both  hoists  must  be  resolved  through  testing. 

The  problem  complexity  is,  however,  identical  to  any  type  of 
power  drive  system. 
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SELECTION  OF  POWER  DRIVES 


The  types  of  drives  that  Boeing  considered  for  use  for  high- 
capacity  airborne  hoists  are  voltage  electrical,  mechanical, 
hydraulic,  and  pneumatic. 


ELECTRICAL 

The  low-voltage  electric-drive  concept  was  rejected  because  of 
excessive  weight  of  its  components  —  particularly  the  con¬ 
ductors,  the  motor,  and  the  AC-to-DC  conversion  equipment  — 
and  because  of  its  excessive  current  requirements,  which 
could  amount  to  3000  amperes  when  based  on  24-volt  DC  supply 
for  a  20-ton  system. 

The  high-voltage  electric-drive  concept  was  rejected  because  of 
its  weight,  its  poor  low-speed  control  characteristics  for  de¬ 
scending  loads,  and  its  still-unproven  reverse-rotation  con¬ 
trol  concept,  which  requires  the  dissipation  of  potentially 
high  heat  from  the  armature  in  the  load-reversing  modes. 


MECHANICAL 

The  mechanical  drive  system  was  rejected  because  of  the  im¬ 
practicable  complexities  of  providing  variable  hoisting  speeds 
and  routing  long  shafts  within  the  aircraft. 


HYDRAULIC 

A  hydraulic-drive  system  is  well  suited  for  the  hoist-drive 
application  and  is  used  widely  in  airborne  and  industrial  hoist 
systems.  The  hydraulic  system  is  in  fact  currently  used  on 
limited  high-capacity  airborne  hoists. 

Several  hydraulic  hoist-drive  systems  were  investigated,  but 
the  most  promising  were  the  servovalve  and  the  servopump  con¬ 
cepts.  The  schematic  representations  of  both  concepts  are 
shown  in  Figures  1  and  2.  Both  illustrations  show  two  hoists 
per  aircraft.  The  complementary  circuitries  for  both  concepts 
are  shown  in  Figures  3  and  4. 

The  servovalve  concept  is  based  on  constant-speed,  variable- 
flow  pump  operation  at  constant  pressure  delivery.  The  servo¬ 
valve  regulates  the  flow  to  the  hydraulic  motor,  thereby  pro¬ 
viding  variable  control  of  hoist  speed  and  motor-reversing 
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speed.  The  motor  pressure  is  a  function  of  the  load  capacity 
hoisted.  The  servovalve  system  uses  the  concept  of  regenera¬ 
tive  braking ,  wherein  the  energy  of  the  load  being  lowered  is 
transmitted  to  the  rotor  system  via  the  pump,  which  becomes  a 
motor  during  the  lowering  mode. 

The  servopump  concept  is  based  on  a  constant- speed,  variable- 
flow,  variable-pressure  operation.  The  pressure  is  a  func¬ 
tion  of  the  load  hoisted.  The  hoisting  speed  is  controlled  by 
the  "overcenter"  swashplate  displacement.  Flow  reversal  is 
accomplished  lay  displacing  the  swashplate  over  the  center  to 
obtain  the  flow  (speed)  required.  Power  regeneration  for  this 
concept  is  not  feasible. 

The  servopump  is  considered  to  be  better  than  the  servovalve 
for  the  following  reasons : 

•  High-pressure  drop  through  the  servovalve  (1/3  of 
total  delivered  by  pump) ,  dictating  larger  motors 
and  pumps. 

e  Excessive-heat-dissipation  system  required  by  servo¬ 
valve,  particularly  during  the  lowering  mode. 

•  High  power  requirements  for  the  servovalve  concept, 
regardless  of  the  loads  hoisted. 

•  Limited  availability  of  high-capacity  servovalves. 

The  hydraulic  system  represents  the  best  of  current  technology, 
and  this  servopump  concept  thus  represents  the  most  advanced 
hydraulic  system. 


PNEUMATIC 


A  pneumatic  hoist-drive  system  represents  advanced  technology. 
Schematic  representation  of  the  pneumatic  system  is  shown  in 
Figure  5.  The  drivers  considered  are  air  turbines,  due  to 
their  relatively  high  efficiencies,  as  compared  with  positive- 
displacement  devices.  The  primary  source  of  power  is  the  APU 
shaft-driven  compressor,  while  the  redundant  power  source  is 
engine  bleed. 

In  the  unlikely  event  that  the  engines  could  not  be  bled  be¬ 
cause  of  extremely  large  performance  penalties,  an  alternative 
for  the  secondary  power  source  generation  is  shown  in  Figure  6. 
Here,  the  main  rotor  transmission  drives  the  compressor,  as  in 
the  hydraulic  systems  of  Figures  1  and  2,  where  the  pumps  are 
driven  by  the  transmission. 

This  pneumatic  hoist-drive  system  uses  a  regenerative  turbine 
with  a  variable-area  nozzle  to  limit  the  high  fuel  losses 


7 


caused  by  the  constant  power  demand  by  the  compressor.  The 
turbine ,  regardless  of  the  power  setting  of  the  hoist-drive 
syelera,  maintains  a  constant  pressure  in  the  system  and  there¬ 
by  eliminates  control  problems  in  other  systems.  The  turbine 
can  also  regenerate  40  to  70  percent  (depending  on  ambient 
temperature)  of  the  power  which  the  compressor  absorbs,  and 
at  the  same  time  provide  heat  to  the  aircraft  compartments. 

The  constant  power  demand  of  the  compressor  could  be  overcome 
by  installing  an  on-off  clutch  between  the  transmission  and 
the  compressor;  also  the  power  absorbed  by  the  load  compres¬ 
sor  ccuiti  be  minimized  by  installing  variable  inlet  guide 
■;  .nes.  But  previous  experience  with  poor  clutching  performance 
and  the  complexities  of  variable  inlet  guide  vanes  discounted 
these  approaches . 
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Figure  1.  Servovalve  Hoist  Drive. 
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Figure  2.  Servopuihp  Hoist  Drive. 


Figure  3.  Servovalve  Complementary  Circuitry 


Figure  6.  Alternative  Secondary  Pneumatic  Power  Generation. 
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COMPARING  PNEUMATIC  AND  HYDRAULIC  SYSTEMS 


Boeing-Vertol  selected  the  pneumatic  system  for  the  final 
design;  it  offers  numerous  advantages  and  overcomes  some  of 
the  drawbacks  of  a  hydraulic  servopump  system.  This  section 
outlines  some  o't  the  areas  in  which  the  two  systems  were 
compared. 


AMOUNT  OF  HARDWARE 

If  we  assume  that  the  pumps  of  the  hydraulic  system  and  the 
compressor  of  the  pneumatic  system  are  driven  by  shaft  APU  as 
the  prime  power  source,  the  servopump  system  requires  four 
conductors,  one  supply  and  one  return  to  each  motor,  each  one 
about  50  feet  long;  the  pneumatic  system  requires  only  one 
conductor ,  approximately  65  feet  long.  The  hydraulic  system 
requires  four  additional  conductors  to  transfer  the  redundant 
power,  but  the  pneumatic  system  requires  no  additional  con¬ 
ductor  to  transfer  the  redundant  power.  Further,  the  hydraulic 
system  requires  four  hydraulic  pumps  —  two  redundant  and  two 
prime  —  while  the  pneumatic  system  requires  only  one  com¬ 
pressor. 


EFFICIENCY,  POWER,  WEIGHT,  AND  HEAT  DISSIPATION 

Tables  I,  II,  III,  and  IV  compare  the  hydraulic  and  the  pneu¬ 
matic  hoist-drive  systems  within  an  overall  integrated  secondary 
power  system.  The  comparison  is  based  on  a  two-point  suspen¬ 
sion  system  with  a  capacity  of  25  tons  and  a  hoisting  velocity 
of  60  feet  per  minute. 

The  hydraulic  system  would  display  a  minimum  heat-dissipation 
requirement  of  2630  Btu/min,  while  the  pneumatic  system  dis¬ 
played  only  270.  Pneumatic  system  cooling  is  required  for  the 
high-speed  gear  reducer  and  for  minor  turbine  cooling.  Cooling 
for  the  main  gear  reducer  and  hoist  mechanism  is  not  considered 
for  either  drive.  {A  nonregenerative-type  braking  for  hydrau¬ 
lics  will  require  3940  Btu/min  heat  dissipation  capacity.) 


BRAKING  DURING  LOWERING  MODE 

We  decided  not  to  use  mechanical  friction  brakes  during  the 
lowering  mode  of  a  fully  loaded  hoist.  Friction  brakes  gener¬ 
ate  excessive  heat  and  exhibit  poor  reliability.  Lowering  the 
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load,  therefore,  is  accomplished  with  the  available  working 
fluid  and  the  motors  themselves. 


The  braking  energy  in  the  hydraulic  system  is  absorbed  by  the 
drive  through  the  pump,  which  in  this  mode  becomes  a  motor.  The 
lowering  speed  is  controlled  by  the  pump  swashplate  position. 


TABLE  I.  ASSUMED  COMPONENT  DESIGN  EFFICIENCY  OF  HYDRAULIC 


AND  PNEUMATIC  SYSTEMS 


Component 

Efficiency 

(%) 

Hydraulic 

Pneumatic 

Pump 

85 

- 

Motor 

85* 

- 

Compressor 

- 

80 

Turbine 

- 

85 

High-Speed 

Gear  Reducer 

• 

95 

Gearing  and  Hoist** 

(Mechanical  Efficiency) 

75 

75 

*A  hydraulic-motor  efficiency  of  85%  is  not  possible 
unless  the  motor  is  at  maximum  displacement,  which  is 
dictated  for  g  loading  considerations;  estimated 
efficiencies  are  closer  to  65%.  This  condition  may 
be  improved  by  future  development;  otherwise,  a  30% 
increase  in  the  power  input  shown  in  Table  II  is 
required. 

♦♦Efficiency  on  the  basis  of  this  study  is  approximately 
85%.  This  change  is  reflected  in  the  definition 
of  system  losses. 
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TABLE  tl.  POWER  PARAMETERS  OF  HYDRAULIC  AND  PNEUMATIC  SYSTEM! 


Power 

(hp) 


Description 

Hydraulic- 

Pneumatic 

Total  Power  Absorbed 
by  Load 

9]  .0 

91.0 

Motor  Output  Power 

Required 

121.0 

127.5 

Motor  Losses 

18.2 

19.1 

Pump/Compressor  Losses 

26.4 

17.4 

Transport  Losses 

10.4 

20.0 

Power  Input  to  Pumps 
or  Compressor 

176.0 

184.0 

Complementary  System 

Power  . 

10.3* 

Total  System  Power 

Input 

186.3 

184.0 

♦Complementary  system  for  hydraulics  consists  of  power  for 
heat  dissipation,  servo-flow  control,  and  leakage  compen¬ 
sation  within  loops.  Pneumatic  power  is  negligible. 


TABLE  III.  WEIGHT  ESTIMATES  OF  HYDRAULIC  AND  PNEUMATIC 
COMPONENTS — SINGLE  POWER  SOURCE 


Hydraulic 


Pneumatic 


Component 


Pumps 


Compressors 

Motors 

Complementary  Pumps 

Fluid  Reservoirs 

Heat  Exchangers,  In¬ 
cluding  Motor  and  Fan 

High-Speed  Gear  Re¬ 
ducers  With  Integral 
Lube  Pump,  Heat  Ex¬ 
changer,  and  Fan 

Power-Transfer  Lines 
(Fittings,  Fluid  and 
Supports) 

Filters,  Controls, 
Servos,  Relief 
Valves,  and  Misc. 

Total*** 


*An  independent  high-speed  gear  reducer  is  assumed.  In¬ 
tegral  turbine  cooling  and  lubrication  system  is  included . 

♦♦Weight  for  the  hydraulic  lines  is  based  on  2.4  pounds  per 
linear  foot  (including  fittings,  support  and  fluid;  steel 
weight  for  the  pneumatic  lines  is  based  on  stainless  tub¬ 
ing  0.025  inch  thick,  plus  a  factor  of  2  for  supports, 
etc. 


***The  total  does  not  include  an  on-off  brake  pr  a  high- 
ratio  gear  reducer  with  an  integral  brake  for  either  system. 
Gear  reducer  weight  is  a  function  of  hoist-drum  diameter 
and  is  dependent  on  tension-member  configuration  (single 
cable  or  reeved) . 
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1  TABLE  IV.  WEIGHT  ESTIMATES  OF  HYDRAULIC  AND  PNEUMATIC 
COMPONENTS— REDUNDANT  POWER  SOURCE* 

Hydraulic 

Pneumatic 

1 

Description 

1 

Number  . 

Weight 

(lb) 

Number 

Weight 

(lb) 

i 

Redundant  Power  Pumps 

2 

90 

1 

- 

Redundant  Complemen¬ 
tary  Pumps 

2 

90 

- 

- 

"Delta"  Fluid 

Reservoirs 

i 

2 

24 

— 

_*** 

"Delta"  Power  Trans¬ 
fer  Lines 

4 

240** 

- 

3 

Crossover'  Valving  Sets 

8 

40 

1 

6 

Engine-Bleed  Air 
Pressure  Regulator 

- 

- 

1 

5 

?ngine-Bleed  Air 

Height  Exchanger 
with  Aspirator 

' 

— 

1 

10 

REDUNDANT  SYSTEM 

TOTAL 

1 

414 

21 

♦The  redundant  hydraulic  system  represents  the  most  austere 
approach.  No  redundant  complementary  system  is  provided. 
The  interface  between  the  prime  and  redundant  power  is 
accomplished  with  crossover  valving  sets  (four  to  the  power 
loops;  four  to  the  complementary  systems) . 

**A  separation  of  25  feet  between  the  redundant  power  source 
and  the  hoist-drive  powers loop  connection  is  assumed. 


•'♦♦Redundant  pneumatic  power  transfer  lines  are  integral  with 
the  engine  starting  system.  There  is  no  charge,  therefore, 

to  the  hoist-drive  system. 
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Pneumatic  dynamic  braking  is  accomplished  in  a  similar  manner, 
except  that  the  braking  energy  is  absorbed  by  the  turbine  and 
reflected  in  increased  air  temperature,  which  is  diverted 
outboard.  Rate-of -descent  control  in  this  mode  is  accomplished 
by  varying  the  air  supply  to  the  turbine  through  the  forward 
rotation  nozzles,  where  the  lowering  speed  is  inversely  pro¬ 
portional  to  the  airflow. 


ACCOMMODATING  A  2G  LOAD 

The  motor  for  hoisting  application  supplies  the  torque  to 
drive  the  hoist.  This  torque  is  a  function  of  the  load,  the 
drum  diameter,  and  the  gear  reduction.  The  torque-generating 
capability  of  the  hydraulic  motor  is  a  function  of  its  dis¬ 
placement  and  the  maximum  supply  pressure,  so  the  motor  must 
be  designed  for  twice  its  normal  displacement  to  accommodate 
a  2.0g  loading.  This  results  in  larger  size  and  increased 
weight.  The  hoist  speed  is  controlled  by  the  pump  swashplate. 
But  the  air-turbine  motor,  when  based  on  an  impulse  turbine 
design,  is  not  penalized  in  the  same  manner.  Its  character¬ 
istics  inherently  accommodate  a  2.0g  loading.  The  hoisting 
speed  will  decrease  to  zero  at  2.0g,  but  the  system  will  be 
fully  capable  of  holding  the  load  during  short  acceleration 
transients.  (Accelerations  higher  than  2.0g  for  the  pneumatic 
system  are  discussed  under  the  Air  Turbine  Motor.) 

Performance  characteristics  for  hydraulic  and  pneumatic 
motors  operating  above  design  load  are  shown  in  Figure  7.  The 
hydraulic  motor  in  this  illustration,  for  purpose  of  control 
simplicity,  is  assumed  to  be  of  a  two-position  swashplate 
design. 


RELIABILITY 

The  reliability  analysis  of  the  hydraulic  and  pneumatic  sys¬ 
tems  was  based  on  current  technology.  The  mission  reliability 
of  the  hoist  drive  was  interpreted  as  the  probability  of  the 
system  performing  successfully  for  a  required  mission  duration. 
The  mission  time  for  a  flight  vehicle  was  considered  as  two 
hours,  with  two  sorties  minimum.  Since  the  hoist  drive  is  not 
required  to  operate  during  the  entire  flight,  the  hoist  time 
was  assumed  to  be  .5  hour  per  flight  hour.  This  time  is  felt 
to  be  conservative,  to  account  for  hoist-drive  system  failure 
which  may  occur  in  flight  when  the  system  is  inoperative. 

Table  V  presents  the  results  of  this  analysis. 
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DESIGN  LOAD  (%)  DESIGN  LOAD  (%)  DESIGN  LOAD  04) 


HYDRAULIC  MOTOR 


PNEUMATIC  MOTOR 


TWO-POSITION  DISPLACEMENT  INHERENT  2G 

REQUIRED  TO  COMPENSATE  FOR  L0A0  CAPABILITY 

2G  LOAOING 


DESIGN  SPEED  04)  DESIGN  SPEED  04) 

TORQUE/SPEED  CHARACTERISTICS 


DESIGN  SPEEO  (%)  DESIGN  SPEEO  04) 


DESIGN  SPEED  04)  DESIGN  SPEEO  04) 

ACCELERATION  TORQUE 


Figure  7.  Performance  of  Hydraulic  and  Pneumatic  Motors 
Above  Design  Load. 
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TABLE  V.  PREDICTED  RELIABILITY 
PNEUMATIC  HOIST-DRIVE 

OF  HYDRAULIC  AND 

SYSTEMS 

System 

Total 

Malfunction 

Rate 

Mission 

Failures 

Per  Fit  Hr 

Mission 

Reliability 

Hydraulic  Hoist  Drive 

.035890 

.000416 

.999169 

Pneumatic  Hoist  Drive 

.006063 

.000160 

.999680 

Goal — Hoist  Drive 

.002426 

.000064 

.999873 

Total  Aircraft  System 

1.050300 

.009557 

98.100000 

Malfunctions  Defined 


Total  Malfunctions  —  All  reported  events  which,  upon 
troubleshooting,  result  in  isolation  and  correction  of  a 
malfunction. 

Primary  Malfunctions  —  Malfunctions  not  caused  by  faulty 
maintenance,  improper  handling,  improper  operator  tech¬ 
nique,  FOD,  or  failure  of  related  components. 

Nonprimary  Malfunctions  —  Malfunctions  caused  by  faulty 
maintenance,  improper  handling,  etc. 

Functional  Failure  —  Malfunctions  resulting  in  complete 
loss  or  extensive  degradation  of  an  item's  function. 

Mission-Oriented  Failure  —  Malfunctions  which  affect  the 
capability  of  the  aircraft  to  perform  its  function  to  the 
extent  that  a  flight  is  aborted,  cancelled  or  delayed. 

Malfunction- Induced  Removal  —  Events  which,  upon  trouble¬ 
shooting,  result  in  malfunctions  being  correctable  by 
removal  and  replacement  of  the  item  or  component. 

On-Board  Fixes  —  Events  which,  upon  troubleshooting,  are 
correctable  by  maintenance  without  removal. 
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Data  Base 


The  reliability  analyses  were  based  on  data  contained  in  the 
following  documents: 

#  D8-2477  -  CH-47C,  BOEING  CH-47C  RELIABILITY  AND  MAINTAIN¬ 
ABILITY  FIELD  EXPERIENCE,  U.S.  ARMY  AVIATION  TEST  BOARD, 
FORT  RUCKER.  ALABAMA 

Operational  and  maintenance  data  recorded  by  personnel 
maintaining  aircraft  at  the  Test  Board  facility  were 
'  forwarded  to  Boeing  for  further  analysis.  Data  covers  a 
15-month  period  from  April  1968  to  June  1969. 

#  D6-53584  -  Boeing,  AIRCRAFT  FIELD  EXPERIENCE  COMPONENT 
ANALYSIS 

This  document  contains  an  analysis  of  military  maintenance 
data  on  a  representative  list  of  commonly  used  aircraft 
components,  statistically  extracted  from  military  records 
by  the  Boeing  Military  Aircraft  Data  Central.  Aircraft 
covered  in  this  report  are  B-52,  B-58,  C-123,  C-130, 

KC-135 ,  C-141 ,  F-4C,  F-104C,  F-105D,  and  T-38A. 

#  D6-10095  -  Boeing,  SST  PREDICTION  STANDARD  RATES 

This  document  summarizes  Boeing's  experience  on  the  707, 
720,  and  727  commercial  aircraft  fleet.  Operational  and 
maintenance  data  were  analyzed  and  tabulated  as  standard 
rates  for  use  in  SST  predictions. 


•  SP63-470 ,  USN,  FAILURE  RATE  DATA  HANDBOOK  (FARADA) 

Tri-service  and  NASA  program  of  data  collection  and 
analysis  of  data  from  industry  and  the  Armed  Forces. 

•  D6-57166C  -  130E-2  -  AIRCRAFT  FIELD  EXPERIENCE  -  C-130 

Operational  and  maintenance  data  as  recorded  in  the 
USAF  66-1  data  system  are  analyzed  and  documented. 

Data  from  these  sources  were  used  to  supplement  CH-47C  data  in 
instances  where  comparable  components  were  not  available  in  the 
CH-47C  or  where  data  were  considered  inadequate.  An  adjustment 
factor  (K)  of  2  was  used  to  correlate  fixed-wing  aircraft  data 
to  the  helicopter  environment.  Tables  VI  and  VII  present  the 
data  base.  Figures  8,  9,  and  10  show  models  used  for  calculat¬ 
ing  reliability. 
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TABLE  VI .  HYDRAULIC  HOIST-DRIVE  COMPONENTS  RELIABILITY  DATA 

Component 

Number 

Per 

Aircraft 

Total> 

Malfunction 

Aircraft 

Functional 

Failure 

Rate1 

Pumps 

Pump 

4 

» 

.001500 

.000750 

Control  Valve 

4 

.000320 

.000160 

Check  Valve 

12 

.000120 

.000068 

Hose 

28 

.000290 

.000029 

Tube 

8 

.000170 

.000017 

Shutoff  Valve 

8 

.000260 

.000130 

APU  Accessory  Gear¬ 
box 

1 

.000188 

.000041 

Motors 

Motor 

>  2 

.000570 

.000142 

Transfer  Valve 

2 

.000260 

.000130 

Check  Valve 

4 

.000120 

.000068 

Hose 

4 

.000290 

.000029 

Tube 

4 

.000170 

.doooi7 

Complementary  System 
Pressure  Reg.  Valve 

4 

.000420 

.000139 

Filter 

4 

.000340 

.000068 

Check  Valve 

10 

.000120 

.000068 

Thermal  Bypass  Valve 

2 

.000220 

.000073 

Pressure  Bypass  Valve 

2 

.000220 

.000073 

Cooler 

2 

.000400 

.000048 

Reservoir  . 

2 

.000100 

.0000?0 

Pump 

2 

.000750 

.000375 

Shutoff  Valve 

-  2 

.000260 

.000086 

Bleed  Valve 

8 

.000130 

.000065 

Hose 

10 

.000290 

.000029 

Tube 

6 

1 

.000170 

.000017 
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TABLE  VII.  PNEUMATIC  HOIST-DRIVE  COMPONENTS  RELIABILITY  DATA  AND  GOALS 
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Reliability  Goals 


Reliability  goals  were  developed  for  components  of  the  pneu¬ 
matic  system  from  the  reliability  analyses  of  the  pneumatic 
hoist-drive  system.  Table  VII  shows  these  goals.  System  goals 
shown  in  Table  V  were  calculated  based  on  the  component  goals. 
Since  the  data  used  in  the  analysis  is  representative  of 
mature  1965  design  technology,  it  was  necessary  to  extend  this 
to  a  technology  base  expected  in  the  1972  era.  Figure  11 
shows  a  trend  curve  for  air  turbine  motors  developed  from  data 
obtained  from  a  survey  of  industry  conducted  as  part  of  Eustis 
Directorate,  Army  Air  Mobility  Research  and  Development  Labo¬ 
ratory  Contract  DAAJ02-70-C-0046 ,  USAAMRDL  Technical  Report 
71-52.  SECONDARY  POWER  SYSTEM  STUDY  FOR  ADVANCED  ROTARY-WING 
AIRCRAFT.  The  reliability  objective  developed  was  based  on  a 
40%  reduction  in  failure  rate. 


MAINTAINABILITY 

Based  on  the  reliability  calculations,  the  comparative  "world¬ 
wide"  maintenance  man-hours  per  flight  hour  ( MMH/FH )  for  the 
hydraulic  and  pneumatic  hoist  systems  are  shown  in  Table  VIII. 


SAFETY 


Objective 


The  safety  objective  in  the  design  of  the  hoist-drive  system  is 
to  ensure  that  the  operation  of  the  proposed  system  in  the  pro¬ 
jected  environment  would  not  endanger  the  safety  of  personnel 
or  cause  damage  to  aircraft  equipment  in  the  event  of  a  failure 
in  the  hoist-drive  system.  Specific  attention  was  applied  to 
the  avoidance  of  potential  critical  (Class  III)  or  catastrophic 
(Class  IV)  hazards  as  defined  in  MIL-STD-822,  paragraph  3.14. 
Figure  12  summarizes  the  hazards  which  must  be  controlled  for 
the  total  cargo  handling  system. 


Potential  Hazards  of  Power  Drive 


Sources  of  potential  hazards  and  appropriate  countermeasures 
associated  for  both  the  hydraulic  and  the  pneumatic  hoist- 
drive  systems  are  shown  in  Table  IX.  Both  pneumatic  and 
hydraulic  systems  have  been  used  in  aircraft  designs  with 
acceptable  levels  of  safety.  The  combustible  nature  of 
hydraulic  fluid,  however,  has  historically  been  a  concern  of 
both  designers  and  users  of  aircraft.  Even  though  designs  for 
the  most  part  have  been  successful  in  preventing  in-flight 
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TABLE  VIII.  HYDRAULIC  AMD  PNEUMATIC  HOIST  SYSTEM  MAINTENANCE  REQUIREMENTS 


Hydraulic 

Pneunatic 

Unacha 

duled  M4H/TH1 

Sched. 

MMH/PH 

Total 

Unschs 

iduled  Ml 

NH/FH 

Sched. 

MMH/rH 

Total 

MTTR* 

Subsystem 

Org.t 

D.s.c 

G.S. a 

Org. 

WH/PH 

Org. 

D.S. 

G.S. 

Org. 

MMH/FH 

Hyd. 

Pneu. 

Control! 

Controls,  Feedback 
Logic  Sensor* 

.0139 

.0085 

.0138 

.0084 

Power  Drive 
(Hyd .  Pump* . 

Motor*,  Tubing, 
Hoses,  etc.) 

.  1254 

.0124 

.0468 

.126 

.461 

.0057 

.0061 

.040 

.038 

.240 

.62 

.43 

Suspension 

Cables,  Hooks 
Release 

.1001 

.0061 

.1000 

.0061 

Winch 

Gearing,  Brake, 
Drum,  Strut,  etc. 

.0181 

.0036 

.0182 

.0036 

Totals 

.257 

.031 

.047 

.126 

.461 

.138 

.024 

.040  j  .038 

.240 

r  i 

a  MMH/FH  -  Maintenance  Man-hour*  Per  Plight  Hour 

b  Org.  -  Organization  Maintenance  Level  I 

c  D.S.  -  Direct  Support  Maintenance  Level 
d  G.S.  -  General  Support  Maintenance  Level 
e  MTTR  -  Mean  Time  To  Repair 


ignition  of  hydraulic  fluids,  the  protective  devices  and  iso¬ 
lation  features  are  often  defeated  as  a  secondary  effect  or 
they  become  destroyed  in  a  crash.  The  air  in  the  pneumatic 
system,  in  contrast,  is  noncombustible  and  is  of  such  low  pres¬ 
sure  and  temperature  as  to  present  no  hazard  to  the  aircraft. 
Note  that  most  of  the  components  employed  in  a  pneumatic  hoist- 
drive  concept  would  be  present  in  the  aircraft  even  if  another 
system  of  hoist  power  were  selected.  Hence,  a  pneumatic  hoist- 
drive  system  will  add  little  to  the  aircraft's  hazardous  energy 
sources . 


I 
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Figure  12.  Hazards -of  a  Cargo  Handling  System. 


TABLE  IX.  POTENTIAL  HAZARDS  Or  HYDRAULIC  AND  PNEUMATIC  SYSTEMS 


Failure  Mode 
1.  Fire 


2.  Impinges  High- 
Pressure  Fluid 
on  Personnel 


3.  Hot  Fluid  Im¬ 
pinges  on 
Personnel 


■4.  Fragmentation 
From  High- 
Speed 
Components 

5.  Loss  of  Power 
Medium  to  A 
Hoist-Drive 
Motor 


6.  Fluid  Conductor 
Pupture 


Effect  on 
Operation 


Direct  damage  to  air¬ 
craft  or  personnel 
Potential  loss  of  a/c 
control  due  to  s truer 
tural  damage,  injury 
to  pilot,  or  damage 
to  flight  controls. 


Direct  injury  to 
personnel. 


Direct  injury  to 
personnel. 


Class 

Haxardr 


Design  Considerations 


Possible  injury  to 
personnel  or  air¬ 
craft.  ' 


Hydraulic 


Controls  required 
to  isolate  hydrau¬ 
lic  lines  froai 
ignition  sources. 
Provisions  must 
also  prevent 
leaked  fluid 
from  migrating 
to  ignition 
source. 

Provisions  re¬ 
quired  to  iso¬ 
late  hydr.  lines 
(  components  from 
crew  space.  3000 
psi  hydr.  fluid  is 
hazardous . 

Provisions  re¬ 
quired  to  iso¬ 
late  hydr.  lines 
t  personnel  from 
crew  space. 

3000°F  hydr.  fluid 
has  rel.  high  heat 
capacity.  Danger 
of  dripping  or 
flowing  into  in¬ 
habited  areas. 

No  high-speed 
components . 


Pneumatic 


No  flammable 
fluid  source 
in  the  system. 


No  high  pressure 
source. 


Air  has  low  heat 
capacity.  Con¬ 
tinued.  exposure 
to  direct  blast 
of  air  would  be 
required  to  cause 
injury.  Hot  air 
rapidly  disperses 
into  ambient  air. 


ATMs'  case  will 
contain  hub 
burst. 


Winch  system  stops! 
brakes  engage  with 
loss  of  pressure. 
Other  winch  in  some 
conf iguratiorts  can 
be  worked  independ¬ 
ently. 


e  Possible  occurrence 
failure  modes1  1-3 
or  5 

e  Possible  fragmenta¬ 
tion  from  conductor 
may  cause  direct 
injury  to  personnel. 


Redundant  hydr. 
supplies  are 
provided  up  to 
the  winch  motor 
transfer  valve. 


Same  as  shown  for 
individual  failure 
modes . 

Hydraulic  fluid 
does  not  possess 
much  compressive 
energy  and  would 
not  be  expected  to 
produce  fragments 
in  the  event  of  a 
rupture . 


•  Redundant  air  sup¬ 
plies  are  provided 
to  the  main  pneu¬ 
matic  duct  ass'y. 
Failure  of  the  duct 
to  the  extent  re¬ 
quired  to  cause 
loss  of  air  supply 
is  considered  re¬ 
mote.  Gross  loss 
of  air  in  the  pres¬ 
ent  configuration 
would  result  in 
loss  of  air  to  both 
hoists . 

e  Same  as  shown  for 
individual  failure 
modes . 

•  Low-pressure  air 
does  not  possess 
enough  compres¬ 
sive  energy  to 
cause  a  fragmen¬ 
tation  hazard. 


VULNERABILITY  AND  SURVIVABILITY 


Survivability  criteria  were  established  for  the  probability  of 
a  "B"  kill  for  a  90-10  mix  ratio  between  7.62rm  and  12.7rm 
projectiles. 

Using  the  CH-47  combat  experience  in  the  Vietnam  environment, 
the  hit  density  based  on  1,000,000  flight  hours  is  1.4  hits/sq. 
ft.  of  surface  area.  Additionally,  the  CH-46/CH-47  experience 
indicates  that  of  the  200  hits  in  the  hydraulic  system,  6 
have  caused  in-flight  fires.  Therefore,  the  probability  of  a 
fire  given  a  hit  in  the  hydraulic  hoist  system  is: 

pfkh  "  6/200  «  .03 

The  vulnerable  area  of  the  hydraulic  hoist  system  scaled  to  the 
high-capacity  requirement  is: 

Ar  -  (Ap)  (Pfkh) 

Ar  *  (140.4)  (.03)  -  4.21  sq  ft 
where  Ap  is  total  presented  area. 

If  the  hydraulic  hoist  system  were  to  be  employed  in  an  RVN- 
type  of  environment,  the  expected  number  of  "B"  kills  in  an 
equivalent  1,000,000  flight  hours  is: 

Kb  =  (1.4)  (4.21)  «  5.87 

or  approximately  6  aircraft. 

Component  values  used  in  the  analysis  are  shown  in  Table  X. 

The  probability  of  a  "B"  kill  for  the  pneumatic  hoist  system 
concept  is  eliminated;  no  fire  hazard  is  present  in  the  system. 

Safety  of  the  pneumatic  hoist-drive  system  is  felt  to  be  supe¬ 
rior  to  the  hydraulic  system.  Although  successful  hydraulic 
systems  have  been  employed  in  aircraft,  the  problem  of  a  flam¬ 
mable  fluid  source  has  always  been  present  in  these  systems. 

The  size  and  capacity  requirements  of  a  hydraulic  hoist  system 
for  such  aircraft  as  the  heavy-lift  aircraft  will  only  add  to 
this  problem.  In  a  combat  situation,  the  larger  vulnerable 
area  associated  with  this  hydraulic  system  will  present  a  much 
larger  target  than  the  hydraulic  systems  employed  in  current 
helicopters. 


TABLE  X.  TOTAL  PRESENTED  AREA  OF  HYDRAULIC  DRIVE  SYSTEM 


Component 

traps,  hydraulic, 
supply 

lotor,  hydraulic 
oolers 


traps ,  Complemen¬ 
tary 

>ines  (tubes, 
hoses,  valves 
etc. ) 


Total 

Presented 


Area 

Quantity  Estimated  Size  (sq  ft) 


4  5  in.  dia.  x  5  in.  2.64 

length 

2  1.25  x  pump  arei  1.64 

2  10  in.  x  10  in.  4.80 

x  5  in. 

2  .25  x  supply  pump  .33 

10  1  in.  dia  x  50  ft  131.00 


length 


Total 


140.40 


SYSTEM  REQUIREMENTS 


After  selecting  the  type  of  power  drive  —  the  advanced- 
technology  pneumatic  concept  — ■  specific  system  requirements 
were  developed  to  guide  the  final  design.  Based  on  studies 
conducted  which  also  include  actual  flight  test  data  analysis 
and  further  reflecting  the  current  Army  thinking,  the  hoist 
design  performance  for  both  single-  and  multipoint  hoisting 
modes  shall  meet  the  following  criteria: 


DESIGN  DAY 

To  accommodate  anticipated  growth  at  sea  level,  95°F  ambient 
operations,  the  system  performance  is  based  on  4000-ft  static 
95°F  ambient  design-day  conditions. 


OPERATING  AMBIENTS 

The  operating  ambient  conditions  are  from  -65°F  to  +125°F 
at  pressure  altitudes  from  0  to  10,000  feet. 


TEMPERATURE  LIMITATIONS 

The  maximum  air-supply  temperature  within  the  fuselage  shall 
be  limited  to  450°F. 


HOISTING  MODES 

The  system  shall  provide  for  two  hoisting  modes: 

e  Two-point  (multipoint)  suspension  mode  utilizing  two 
hoists  and  hoist  drives,  each  capable  of  independent 
speed  and  reversing  control  and  synchronous,  bi¬ 
directional  variable-speed  operation  for  variable 
load  capacities. 

e  Single-point  suspension  mode  accomplished  by  coupling 
the  suspension  system  of  both  hoists  into  a  single¬ 
point  adapter  and  hook  assembly.  Infinitely  variable 
bidirectional  speed-control  capability  for  variable 
external  load  capacities  is  required. 
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DESIGN  LOAD 


The  system  shall  accommodate  In  both  hoisting  modes  and  ex¬ 
ternal  load  design  capacities  with  conditions  as  follows: 

•  Without  application  of  the  brake,  the  hoist-drive  sys¬ 
tem  shall  be  capable  of  positively  holding  the  design 
load  when  subjected  to  2.5g  acceleration. 

•  Under  l.Og  conditions,  the  system  shall  accommodate 
design  load  at  a  minimum  hoisting  velocity  of  up  to 
€0  feet  per  minute. 

•  Load  asymmetry  accommodation  based  on  60/40  percent 
load  distribution  with  the  greater  load  on  either 
hoist. 

•  The  system,  including  the  hoist  and  hoist-drive, 
shall  further  accommodate  an  increased  demand  from 
a  30-degree  coning  angle,  aerodynamic  drag,  and  the 
hook  and  tension-member  weight. 


PNEUMATIC  POWER  SOURCE 

The  two  sources  of  pneumatic  power  are: 

•  Simultaneous  bleed  from  three  main  propulsion  engines. 
The  bleed  passes  through  a  pressure  regulator  and  a 
precooler,  wherein  the  air  supply  is  conditioned  to 
the  hoist-drive  system  pressure  requirements  and  com¬ 
patible  with  temperature  limitations. 

•  Compressor-generated  power  designed  to  supply  air 
characteristics  that  result  in  an  optimum  hoist-drive 
system  design  within  the  appropriate  pressure  levels 
and  temperature  limitations. 


PNEUMATIC  POWER  DISTRIBUTION  SYSTEM 

The  additional  nonhoist-related  aircraft  systems  powered  pneu¬ 
matically  are  the  main  engine  starting,  the  environmental  con¬ 
trols  system,  the  two  hydraulic  pump  air  turbine  drives,  and 
the  air-turbine-driven  electrical  alternator.  Maximum  capac¬ 
ities  and  simultaneous  air  capacity  requirement,  when  full- 
capacity  hoisting  is  required,  are  estimated  at  30  percent 
above  the  full-hoisting  airflow  requirement. 
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PNEUMATIC  AND  HOIST-DRIVE 1  SYSTEM  CONTROL  DESIGN 

All  facets  of  the  total  aircraft  pneumatic  system  control,  dis 
tribution,  priority,  and  operation  must  be  compatible  for  the 
control  of  the  hoist  system.  The  hoist  system  shall  be  oper¬ 
ated  by  the  pilot,  copilot,  load-control  crewman,  and  ground- 
stationed  operator.  Control  priority  is  reserved  for  the 
pilot. 


PNEUMATIC  POWER  REDUNDANCY 

The  primary  in-flight  pneumatic  power  source  shall  be  main 
engine  bleed.  In  the  event  that  one  engine  bleeding  system 
fails,  yet  all  three  engines  are  operative,  the  Remaining  two 
bleeding  systems  shall  supply  adequate  bleed  to  power  all  power 
systems,  including  full  hdisting  power. 

.  I  ’ 

In  the  event  one  engine  fails,  the  APU  shall  be  started.  Full- 
capacity  hoisting  power,  including  the  other  pneumatic  power 
systems  requirements,  is  supplied  by  the  APU-driven  compres- 
i  3or.  For  ground  operation  and  for  system  checkout,  the  APU- 
generated  pneumatic  is  utilized.  Provisions  for?  ground  cart 
connections  and/or  "buddy  system"  operation  shall  be  provided. 


VARIABLE  HOIST  SPAN 

"  , 

i 

The  distance  between  the  two  hoists  shall  be  variable  to,  ac¬ 
commodate  variable-length  external  loads.  Hoist  positioning 
shall  be  accomplished  without  disconneqting/reconnecting  the 
pneumatic  power  distribution  system  ducting. 


DYNAMIC  BRAKING 

The  concept  of  dynamic  braking  shall  be  employed  for  load  low¬ 
ering  and  in-flight  load  attitude  control,  and  shall  be  accom¬ 
plished  with  the  air  turbine  motors  of  the  hoist-drive  system. 
Infinitely  variable  rate-of-descent  control  is,  required. 


STATIC/EMERGENCY  BRAKES 

The  static  brakes  are  designed  for  holding  and  for  emergency 
dynamic  braking  in  the  event  that  the  ATM  dynamic  braking 
malfunctions.  One  full-load  dynamic  braking  cycle  ^t  design 
capacity  is  required  before  replacement  and/or  repair. 
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SYSTEM  PERFORMANCE 

- T -  '  i 

The  system  capacity  is  based  on  a  two-point  suspension  mode 
capable  of  accommodating  the  design  load  under  the  following 
conditions: 

I  ’  S 

•  The  load  is  coupled  through  the  suspension  system  of 
two  independent  hoists  capable  of  synchronous  ^nd 
independent  bidirectional  velocity  and  direction  con¬ 
trol.  Each  hoist  is  powered  by  separate  hoist-drive 
systems  consisting  of  air  turbine  drivers. 

'  i  i  j 

•  Each  hoist  is  capable  of  accommodating  60  peictnt  of 
the  external  load  resulting  in  a  permissible  load 
longitudinal  eg  shift  that  is  based  on  a  60/40  load 
distribution  on  either  hoist. 

I 

•  In  addition  to  the  external  load  weight,  each  hoist 
shall  accommodate  the  suspension  system  weight,  con¬ 
sisting  of  the  coupling  and  the  tensioh  member  plus 

,  the  accommodation  of  the  negative  lift  factor  of 
estimated  equivalent  to  be  1,512  pounds.  (This  is 
based  on  a  frontal  area  of  100  square  feet  at  130 
knots . ) 

•  The  minimum  vertical  hoisting  velocity  under  these 
conditions  is  60  fpm  with  the  design  load. 

•  A  capacity  increase  of  15  percent  in  the  tension- 
member  puli  and  hence  in  the  torque  on  the  hoist  drum 
is  required  due  to  a  30-degree  coning  angle  (tension 
member  angle  with  the  vertical) . 

•  Minimum  torque-generating  capability  of  the  hoist 
driver  is  based  on  the  above  conditions.  These  torque 
requirements  are  in  conjunction  with  the  design  veloc¬ 
ity  hoisting. 

•  The  minimum  stall  torque  developed  by  the  hoist 
driver (s)  is  based  on  the  design  external  load  sub¬ 
jected  to  a  2.5g  acceleration  under  all  conditions  de¬ 
fined.  Application  of  the  brake  for  this  capability 
is  not  acceptable. 

•  Vertical  hoisting  velocity  requirement  with  zero 
]  load  is  120  fpm.  (Proportionate  speed  reduc¬ 
tion  due  to  tension  member  and  coupling  weight  is 
acceptable)  . 

•  Hoisting  velocities  with  external  load  capacities  less 
than  the  specified  design  load  capacity  shall  be 
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increased  proportionately  consistent  with  the  air 
turbine  torque/speed  characteristics  and  capability. 

•  The  empty-hook  payout  speed  objective  at  design-day 
condition  is  120  fpm.  This  capability  is  based  on 
zero  weight  assisting  the  reversing  rotation.  Dis¬ 
connect  or  clutching  between  the  hoisting  driver 
and  the  drum  is  not  acceptable. 

•  The  minimum  specified  hoisting  velocity  of  60  fpm 
under  design  load  conditions  shall  be  exceeded  to 
the  fullest  extent  of  the  air-turbine  driver  capa¬ 
bility,  limited  only  by  the  availability  of  the 
pneumatic  power  supply. 

•  For  design-day  ambients  under  95°F,  the  system  capac¬ 
ity  shall  equal  or  exceed  design-day  system  capacity. 

•  Reduced  system  capacity  at  ambient  temperatures  above 
95°F  and/or  higher  altitudes  than  4000  feet  will  be 
acceptable.  However,  the  percentage  change  in  capac¬ 
ity  shall  not  be  greater  than  the  percentage  change  in 
helicopter  lift  capability  consistent  with  the 
"average"  engine  lapse  rate  at  normal  power  settings. 

•  Empty-hook  hoisting  and  payout  velocity  reduction  is 
acceptable  provided  the  reduction  does  not  exceed  the 
nozzle  spouting  velocity  reduction  as  a  result  of 
colder  air  supply  temperature. 

•  The  hoist  system  will  be  designed  for  a  minimum  life 
of  10,800  cycles.  Each  cycle  consists  of:  (1)  de¬ 
ploy  cable  unloaded,  (2)  pick  up  and  hoist  load 

(3)  deploy  load,  and  (4)  release  load  and  hoist  un¬ 
loaded  tension  member. 

•  The  minimum  fatigue  load  spectrum  for  each  of  the 
suspension  modes  shall  be  as  follows: 


—  10% 

of 

cycles 

at 

125% 

of 

design 

load 

—  75% 

of 

cycles 

at 

100% 

of 

design 

load 

—  10% 

of 

cycles 

at 

50% 

of 

design 

load 

—  5% 

of 

cycles 

at 

25% 

of 

design 

load 

Dynamic  braking 


Lowering  the  load  at  infinitely  variable  speed  from  zero 
to  a  minimum  of  60  fpm  shall  be  accomplished  with  the 
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air-turbine  motors.  The  wheel  design  reversing  rotation 
torque/speed  characteristics  shall  be  consistent  with  the 
referenced  characteristics  of  Figure  13.  Application  of  the 
friction  brake  for  this  function  is  r.ot  acceptable  except  for 
emergency  conditions . 


COMPONENT  EFFICIENCIES  AND  SYSTEM  LOSSES 

The  major  component  efficiencies  and  system  losses  are  as 
follows : 


•  Low-speed  gearing  integral  with  the  hoist  drum  based 
on  approximately  400:1  gear  reduction  is  90  percent 
efficient  at  design  speed  and  load. 

•  High-speed  gearing  integral  with  the  air-turbine  motor 
driver  based  on  10-12:1  gearing  reduction  is  55  per¬ 
cent  efficient  at  design  speed  and  load. 

•  Cable  bending  and  miscellaneous  losses  are  5  percent. 

•  Pneumatic  power  transfer  pressure  losses  between  the 
generating  sources  and  the  air  turbine  motor  driver 
are  5  percent  of  the  source  pressure  absolute. 

•  Temperature  loss  between  the  source (s)  and  the  drivers 
is  10  percent  of  the  actual  compressor  At  based  on  80 
percent  adiabatic  compressor  efficiency  at  design-day 
conditions. 

•  Adiabatic  turbine  efficiency  based  on  design-day  con¬ 
ditions  at  optimum  operating  point  is  85  percent. 

•  The  constant-speed,  shaft-driven,  adiabatic  compressor 
efficiency  shall  be  80  percent  minimum  at  design-day 
conditions . 


PNEUMATIC  SYSTEM  PRESSURE 


The  pressure  limitations  are  based  on  the  compressor  efficiency 
and  limiting  temperature  of  450°F  maximum.  On  the  basis  of  80 
percent  minimum  compressor  adiabatic  efficiency,  the  system 
supply  pressure  shall  be  4.3  atmospheres. 


CONDUCTOR  SIZING 

The  conductors  are  designed  on  the  basis  of  maximum  simultane¬ 
ous  airflow  requirements  as  defined  above  and”  based  on 
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VARIABLE-NOZZLE  TURBINE 


FIXED-NOZZLE  TURBINE 


NEGATIVE  _gQ  0  +60  POSITIVE 


LOAD  VELOCITY,  VL  (FPM) 


Figure  13.  Torque  Versus  Speed  for  Fixed-  and 
Variable-Nozzle  Turbines. 
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pressure  drop  limitation  for  defined  airflow.  Single  conduc¬ 
tors  (no  redundancy)  are  assumed. 

AIR-TURBINE  MOTOR 


TWo  independent  motors  of  identical  capacity  and  performance 
characteristics  are  required  for  the  hoist-drive  system.  The 
air-turbine  motor  shall  meet  the  following  requirements 
(quantitative' values  shown  are  based  on  a  20-ton  system 
design) : 

•  Each  shall  be  independently  controllable  or  both  may 
operate  in  synchronization. 

•  Each  motor  housing  shall  be  designed  on  an  integrated 
basis  and  shall  consist  of  the  following  components: 

—  Hoisting  wheel  (forward  rotation) 

—  Nozzle  assembly  for  hoisting 

—  Reversing  wheel  (where  applicable) 

—  Reversing  nozzle (s) 

—  Forced-lubrication  system 

—  Disconnect  or  clutching  between  reversing  wheel 
and  hoisting 

—  Heat-dissipation  system 

—  Airflow  controller  for  forward  and  reverse  rotation 
—  Control  actuator 
—  Control-power  generator 
—  High-speed  gear  reducer 
—  Output  shaft 

—  Mounting  interface  with  static/emergency  brake 
—  Control  interface  with  static/emergency  brake 
—  Signal-conductor  interface 

—  Static  brake  (need  not  be  integral  with  the  ATM 
housing) 


43 


•  The  output  speed  from  the  high-speed  gear  reducer  at 
zero  load  (free-running  turbine  speed)  shall  be 
8,000  rpm.  (The  gear-reduction  ratio  is  a  function 
of  the  selected  hoisting  wheel  mean  diameter.) 

•  Predicated  on  impulse  turbine  wheel  design,  the  high¬ 
speed  gearing  output  optimum  operating  point  is  4000 
rpm,  which  corresponds  to  a  minimum  hoisting  velocity 
of  60  fpm. 

•  The  stall  torque  generating  capacity  of  the  wheel  is 
based  on  its  capability  to  react  a  62,137-pound  verti¬ 
cal  load  pull  multiplied  by  the  coning  angle  factor 

of  1.15  at  a  lever  arm  of  .677  feet  divided  by  the 
low-speed  gear  reduction  of  298:1  divided  by  the  high¬ 
speed  reduction  of  12:1  for  the  20-ton  system  as 
dictated  by  the  wheel  design. 

•  Each  turbine  wheel  operating  at  the  optimum  point, 
and  when  designed  for  the  requirements  above,  is  capa¬ 
ble  of  generating  56.2  horsepower  based  on  60  fpm 
hoisting  speed.  The  high-speed  gearing  output  power 
is  53.3  horsepower,  which  is  based  on  95  percent 
high-speed  gearing  efficiency. 

•  For  ATM  designs  utilizing  nonclutched  reversing  wheels, 
the  hoisting  wheel  design  capacity  must  be  increased 

by  an  amount  equivalent  to  the  reversing  wheel  drag 
torque.  Higher  airflow  penalties  are  acceptable  only 
when  definite  improvements  are  demonstrated. 

•  The  effective  nozzle  area  shall  be  designed  for  the 
power  requirement  and  for  the  design-day  conditions 
defined . 

•  Design-day  pneumatic  airflow  requirements  are  based 

on  4.08  pressure  ratio  and  414°F  temperature  available 
at  the  turbine.  Maximum  airflow  per  turbine  at  its 
maximum  power  generating  capacity  is  41.1  pounds  per 
minute  and  is  predicated  on  85  percent  total  to  static 
turbine  efficiency.  (Minor  modification  due  to  opti¬ 
mum  point  shift  as  a  result  of  nondesign-day,  larger- 
nozzle-area  requirements  is  acceptable) . 

•  Total  design-day  airflow  requirements  for  both  air- 
turbine  drivers  are  based  on  60/40  percent  load  distri¬ 
bution  on  either  hoist.  On  this  basis,  the  objective 
for  maximum  airflow  requirements  for  full-capacity 
hoisting  is  68.5  pounds  per  minute.  (Minor  modifica¬ 
tion  due  to  optimum  efficiency  shift  is  acceptable.) 
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•  For  nondesign-day  conditions,  the  airflow  require¬ 
ments  shall  be  determined  by  analysis  based  on  the 
APU-driven  constant-speed  load  compressor,  applicable 
transfer  losses,  and  the  efficiency  deterioration  of 
the  air  turbine.  The  minimum  analyses  shall  be  con¬ 
ducted  for  -65°F ,  4000-foot  conditions;  125°F,  sea 
level  conditions;  and  95°F,  10,000-foot  altitude  con¬ 
ditions.  The  valves,  the  nozzle-area  design,  and  the 
control  system  shall  be  designed  for  the  total  oper¬ 
ating  ambient  spectrum. 

•  Special  provisions  to  meet  the  120-fpm  empty-hook 
hoisting  under  nondesign-day  conditions  are  not  re¬ 
quired.  The  speed  reduction  will,  however,  not 
exceed  the  theoretical  nozzle  spouting  velocity  re¬ 
duction  based  on  design-day  conditions. 

•  Total  airflow  for  powered  reversing  rotation  shall 
not  exceed  the  maximum  requirements  for  design-day 
and  nondesign-day  analyses. 

•  Acceptable  hoisting  nozzle  assembly  designs  are:  (1) 
fixed  geometry,  (2)  variable  geometry,  and  (3)  partial 
admission.  Substantiation  of  any  concept  is  required 
by  analysis,  which  shall  define  response  characteris¬ 
tics,  size  impact,  controllability  of  the  hoist-drive 
system,  and  turbine  efficiencies. 

•  For  the  purpose  of  120-fpm  empty-hook  payout,  instal¬ 
lation  of  a  reversing  wheel  is  acceptable.  The 
reversing  wheel  shall  have  adequate  capacity  to  over¬ 
come  the  hoisting  wheel's  aerodynamic  drag,  which  is 
directly  coupled  (no  mechanical  disconnect)  through 
the  static  brake  to  the  hoist  drum.  The  reversing 
wheel  shall  be  a  module  within  the  ATM  housing.  Re¬ 
versing  wheel  clutching  is  acceptable.  The  clutch 
shall  be  a  module  within  the  ATM  housing. 

•  The  hoisting  wheel  torque/speed  characteristics  in 
the  negative  region  shall  be  compatible  with  the  char¬ 
acteristics  of  Figure  13.  These  characteristics  en¬ 
able  the  wheel  to  perform  the  dynamic  braking  function 
and  to  identify  discrete  reverse  rotation  torque/ 
speed  characteristics  for  a  specific  airflow  for  ef¬ 
fective  rate-of-descent  control  with  load. 

•  Significant  temperature  rise  across  the  turbine  has 
been  demonstrated  during  dynamic  braking.  The 
temperature  rise  for  120-fpm  reverse-hoist  rotation 
is  significantly  higher.  For  purposes  of  deter¬ 
mining  material  for  the  hoisting  wheel,  motor 
housing,  and  associated  components,  design  support 
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tests  in  addition  to  analysis  will  be  required.  To 
minimize  the  temperature  rise  during  reversing  rota¬ 
tions,  installation  of  additional  reversing  nozzles 
to  the  hoisting  wheel  is  acceptable.  A  special  device 
to  limit  the  hoisting  wheel  drag  is  encouraged. 

•  A  lubrication  system  shall  be  provided.  Unless  sub¬ 
stantiated  otherwise,  forced  lubrication  will  be 
assumed . 

•  The  heat-dissipation  requirements  are  based  on  the 
efficiency  of  high-speed  gearing,  bearing  losses,  and 
conduction  from  the  air  supply  temperature.  Addition¬ 
al  heat  is  generated  during  dynamic  braking  and  rer 
verse  rotation.  Heat  dissipation  analysis  shall  be 
conducted  on  the  basis  of  three  hoisting  cycles  per 
hour,  each  cycle  consisting  of  two  full-speed  revers¬ 
ing  payouts  and  empty  reel-in,  followed  immediately 

by  full-capacity  hoisting  and  then  approximately  10 
minutes  of  no  activity.  The  heat  sink  is  ambient 
air. 

•  The  type  of  airflow  controller  is  predicated  on  the 
design  of  the  nozzle  assembly.  The  controller  re-  ' 
sponse  characteristics  to  enable  variable-speed/load 
accommodations  and  to  provide  synchronous  speed 
capability  of  both  hoists  are  the  prime  requirements. 
For  fixed-geometry  nozzle  designs,  the  sliding -valve- 
control  approach  (due  to  linearity)  is  preferred  over 
the  butterfly  valve  control.  There  are,  howeveir,  no 
specific  valve  design  requirements. 

•  Acceptable  types  of  control  power  are  electrical, 
hydraulic,  and/or  pneumatic.  In  the  event  hydraulic 
actuating  power  is  used,  the  motor  powering  the  lubri¬ 
cating  pump  shall  be  utilized  for  this  function. 

•  The  high-speed  gear  reducer  shall  be  designed  for 
4,000  rpm  shaft  output  dictated  by  the  hoist  inter¬ 
face  requirement.  The  gearing  efficiency  shall  be  95 
percent  minimum  at  design  operating  conditions.  De-  1 
sign  capacities  and  speed  requirements  for  the  high¬ 
speed  gearing  are  consistent  with  the  requirements 
defined. 

•  The  high-speed  gearing  output  shaft  is  mounted 
through  the  static/emergency  brake  and  is  directly 
coupled  to  the  low-speed  gearing,  which  is  integral 
with  the  hoist  drum.  Static  brake  design  concepts 
that  are  mounted  on  the  high-speed  turbine  wheel  shaft 
and  are  integral  within  the  ATM  housing  may  be 
considered. 
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The  static  brake  design  and  its  operation  require  the 

highest  order  of  attention  due  to  its  safety  function 

and  emergency  features.  The  following  characteristics 

are  therefore  required: 

} 

—  The  brake  is  normally  "on" . 

—  During  hoisting  operation,  the  brake-release  mech¬ 
anism  does  not  function  until  the  motor-generated 
tbrque  is  adequate  to  react  the  load.  Mere  sub¬ 
stantiation  of  pneumatic  power  availability  to  the 
motor  is  inadequate. 

—  Brake-actuating  power  is  generated  within  the 
motor  housing. 

,  I 

—  Application  of  the  brake-actuating  power  shall  be 
gradual  and  shall  not  induce  accelerations  exceed¬ 
ing  the  levels  for  wnich  the  hoist-drive  system 
components  (including  airframe  structure)  are 
designed. 

—  Irrespective  of  the  hoist  operator  speed  selection 
i  (airflow) ,  the  control  system  shall  be  designed 

in  series  with  the  brake-release  mechanism  with  an 
automatic  "dwell"  (zero  speed)  period  when  the 
brake  is  being  released. 

—  The  brake  mechanism  is  engaged  whenever  zero  tur¬ 
bine  speed  commands. 

—  The  minimum  static  holding  capability  of  the  brake 
is  equivalent  bo  48,300  foot-pounds  divided  by  the 
appropriate  gearing  reduction. 

—  The  brake  "normal  rtiode  of  operation"  is  designed 
for  on-off  condition. 

— *  One  full-capacity  dynamic  braking  operation  under 
maximum  loading  and  velocity  conditions  is  required 
before  brake  corrective  maintenance,  repair,  or  re¬ 
placement  is  initiated. 

—  Frequent  brake  operation  checkout  capability  shall 
be  provided  in  the  control  system  and  component  de¬ 
sign.  Loss-of -brake-actuating  power  automatic 
signal  is  required. 
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—  The  intelligence  and  sensor  data  requiring  the  ATM 
control  interface  shall  consist  of,  but  not  be 
limited  to,  the  following: 

Load  sensing 

Tension-member  angle 

Hoisting-speed,  including  closed-loop  speed 
control 

Operator-to-ATM  hoisting  command  signals 

Position-sensing,  including  proximity  switches 

Temperature/pressure  sensors 

Ambient-condition  sensors 

Pneumatic-power  generator  status 

For  synchronous  speed  control,  the  concept  of 
slave  and  master  control  shall  be  employed, 
wherein  the  master  control  represents  the  hoist 
carrying  the  larger  load. 


AIR  COMPRESSOR/PNEUMATIC  POWER  GENERATING  SYSTEM 

The  air  compressor  provides  hoisting  power  during  ground  oper¬ 
ation  and  checkout  and  serves  as  pneumatic  power  source  backup 
for  secondary  power  in  the  event  that  one  of  the  three  main 
engines  fails.  The  compressor-generated  pneumatics  shall  also 
serve  as  the  power  source  for  the  integrated  tests. 

The  compressor  performance  and  operational  requirements  are  as 
follows : 


•  The  compressor  is  shaft  driven  at  a  constant  speed 
from  the  aircraft-installed  auxiliary  power  unit 
(APU) .  The  APU  is  assumed  to  be  a  free  turbine  power 
unit  with  an  integrally  controlled,  constant-speed, 
powered  shaft  output. 

•  At  design-day  conditions,  the  compressor  discharge  tem 
perature  shall  be  450°F  maximum,  based  on  4.3:1  pres¬ 
sure  ratio. 

•  The  compressor  capacity  is  based  on  full-capacity 
hoisting  airflow  requirement,  and  simultaneous  air 
requirement  for  nonhoist-related  aircraft  systems.  At 
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design-day  conditions,  the  total  airflow  required  is 
89  pounds  per  minute  of  air. 

The  compressor  adiabatic  efficiency  shall  be  80  per¬ 
cent  minimum. 

The  compressor  discharge  pressure  control  is  accom¬ 
plished  through  a  series  of  variable  orifices  in  the 
various  power  drive  systems,  including  dump  valves 
controlled  by  appropriate  pressure  regulators .  The 
environmental  control  system  (ECS)  is  predicated 
on  a  variable-geometry  nozzle  design.  Utilization 
of  the  ECS  nozzle  for  the  purpose  of  compressor 
discharge  pressure  control  is  encouraged  and  is 
based  on  maximum  through-flow  of  89  pounds  per 
minute  at  4.3:1  pressure  ratio. 

A  surge  control/dump  valve  is  required.  Its  dumping 
capacity  shall  range  from  0  to  a  maximum  of  89  pounds 
per  minute  at  design-day  conditions.  The  dumping 
capacity  shall  further  be  capable  of  significantly 
increased  airflow  dumping  when  operated  at  SL  -65°F 
conditions. 

Inlet  particle  separator  shall  be  an  integral  part  of 
the  compressor.  Utilization  of  the  particle  separator 
for  both  the  load  compressor  and  the  APU  inlets  shall 
be  considered. 

Compressor  input  shaft  speed  is  predicated  on  the 
compressor  rotating  speed  required  that  will  provide 
the  necessary  design-day  requirement  for  the  quantity 
and  air  quality  as  defined  above.  The  two  applicable 
solutions  are: 

—  Integrate  the  load  compressor  and  the  gearing  re¬ 
quired  within  the  APU.  The  ideal  solution  consists 
of  a  perfect  speed  match  between  the  APU  power 
turbine  speed  and  the  compressor  speed  required. 

—  Design  a  step-up  gearbox  which  shall  be  directly 
coupled  to  the  APU  output  shaft  assumed  to  operate 
at  6,000  rpm.  The  gearing  ratio  is  based  on  the 
compressor  rotational  speed  required. 

Compressor  discharge  temperatures  at  higher  than  de¬ 
sign-day  ambient  conditions  are  expected  to  exceed  the 
450°F  design  limitations.  The  applicable  criteria  and 
potential  solutions  to  meet  these  temperature  limita¬ 
tions  are: 
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—  Reduce  the  pneumatic  system  discharge  pressure  to 
the  extent  that,  based  on  the  compressor  perform¬ 
ance  characteristics,  the  discharge  temperature 
shall  not  exceed  450^F.  The  requirement  for  120 
feet  per  minute  no-load  hoisting  velocity  may  be 
reduced  accordingly,  but  not  to  exceed  the  delta 
pressure  reduction.  The  hoisting-capacity  (load- 
weight)  reduction  shall  not  exceed  the  reduction 
of  helicopter  lift  capability  due  to  elevated 
temperature  operations. 

—  Utilization  of  the  engine  bleed  precooler  for  the 
purpose  of  limiting  the  compressor  discharge  tem¬ 
perature  is  acceptable  providing  the  precooler  and 
associated  pneumatic  conductors  are  isolated  from 
the  fuselage  (APU  compartment,  etc.). 

•  The  compressor -performance  characteristics  shall  be 
such  that  during  all  hoisting  operating  ambients  and 
conditions,  the  surge  limit  will  not  be  reached. 

•  No  limitations  exist  on  the  type  of  compressor  design. 
These  include  multistage  axial,  single-  and  multistage 
centrifugal,  and  a  combination  of  both  as  required. 

•  Compressor  physical  size  requirements  are  critical 
only  in  that  they  facilitate  the  interface  primarily 
with  the  APU.  Compressor  weight  is,  however,  a  major 
factor  and  shall  be  at  a  minimum.  The  weight  objec¬ 
tive  is  26  pounds . 

•  New  compressor  design  and  development  is  not  encour¬ 
aged  for  reasons  of  excessive  cost  and  development 
time  required.  Utilization  of  existing  units  and 
modifications  thereof  are  recommended. 

e  Of  significant  importance  in  the  compressor  selection 
is  the  capacity  and  performance  at  nondesign-day  con¬ 
ditions,  particularly  at  colder  ambients.  Compressor 
capacities  must  equal  or  exceed  full-capacity  hoisting 
at  all  design-day  ambients  below  95°F. 


MMN  ENGINE  BLEED  PNEUMATIC  POWER  GENERATING  SYSTEM 

The  prime  source  of  pneumatic  power  for  airborne  hoisting  is 
main  engine  bleed. 


Toward  the  objective  of  establishing  these  requirements,  the 
operational  concept  and  performance  definitions  are  as  follows: 

•  Three  engines  are  bled  simultaneously.  Three  inde¬ 
pendent  bleed  valve  systems  are  required. 

•  Each  bleed  valve  capacity  is  designed  on  the  basis  of 
50  percent  flow  capacity  of  the  total  pneumatic  sys¬ 
tem,  including  full-capacity  hoisting  required,  and  is 
equal  to  58  pounds  per  minute  at  design  day.  (In¬ 
creased  flow  capacity  is  required  at  colder  ambients.) 
This  approach  provides  redundancy  in  the  event  one 
bleeding  system  fails. 

•  The  bleed  pressure  is  dependent  on  the  engine  power 
setting,  but  shall  never  drop  below  4.3  atmospheres. 

•  The  engine-bleed  air  is  conditioned  to  4.3  atmospheres 
and  450°F  maximum  temperature.  Unless  proven  imprac¬ 
tical,  a  single  cooler  and  one  pressure  regulator  is 
assumed  for  the  air  quality  conditioning. 

•  The  precooler  design  shall  be  based  on  116  pounds  per 
minute  flow  at  appropriate  engine-bleed  temperature. 
The  heat  sink  is  125°F  maximum  temperature  ambient 
air.  (The  values  are  based  on  design-day  conditions.) 

•  Variable-delivery  forced  ambient-air  cooling  system  is 
required.  The  bleed  air  shall  not  be  cooled  below 
450°F. 

•  The  cooling  system  power  is  pneumatically  available 
from  the  main  engine  bleeding. 

•  The  bleeding  system  shall  be  designed  on  the  basis  of 
the  hoist  system  operation  response  characteristics 
required  and  shall  include  the  power-transfer  system 
(pneumatic  conducted)  considerations. 

•  The  bleed-system  design  shall  ensure  that  all  engines 
are  simultaneously  supplying  equally  balanced  mass 
airflows. 
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PRELIMINARY  DESIGN  OF  THE  HOIST  SYSTEM 

I 

I 

I 


INTEGRATION  OF  THE  PNEUMATIC!  HOIST-DRIVE  DESIGN 

The  hoist-drive  study  was  conducted  on  an  integrated  basis 
within  the  total  air  vehicle,  indicating  the  various  Aircraft 
subsystem  interface  with  that  of  the  hoist-drive  system.  The 
vehicle  selected  was  a  tandem-rotor  configuration  and  is  as 
shown  in  Figure  14.  The  hbist-drive  system,  however,  is 
applicable  to  any  helicopter  configuration  and  is  equally 
adaptable  for  other  than  two-point  hoisting.  , 

One  such  concept  of  pneumatic  hoist-drive  system  integrated 
with  the  other  vehicle  subsystems  is  shown  in  Figure  16.  (In 
this  concept  the  power  conductors  directly  chargeable  to  the 
hoist  drive  run  only  from  point  A  to  the  hoists  at  their  se¬ 
lected  positions.)  Telescopic  conductors  permit  the  hoist  to 
move  to  various  positions.  Note  further  that  independent  of 
hoisting,  the  pneumatic  conductors  are  necessary  for  the  ECS 
and  the  hydraulic  pump,  whose  locations  cannot  be  changed  on 
the  basis  of  established  requirements.  The  plumbing  com¬ 
plexities  in  the  rear  pylon  are  necessary  regardless  of  the 
hoists.  The  slight  increase  in  conductpr  diameter  due  to 
hoisting  is  relatively  insignificant.  - 

In  this  configuration,  the  source  of  power  is  the  APU-driven 
compressor  or  the  engine  bleed  properly  conditioned  in  order 
not  to  exceed  the  450°F  temperature  limit.  The  desirbd  pres¬ 
sure  is  controlled  by  the  regulator  shown.  All  three  engines 
are  bled.  In  the  event  of  valving  malfunction  of  one  engine, 
adequate  bleed  air  is  available  from  the  remaining  two  engines. 
The  APU  may  also  be  operated  in  flight.  More  than  single  power 
redundancy  for  hoisting  is  therefore  available  for  all  condi¬ 
tions. 

I 

The  study  was  based  on  a  movable  dual-winch  tonfiguration  to 
incorporate  both  multipoint  suspension  systems.  For  multi¬ 
point  operations,  the  winches  are  located  in  the  aircraft' in  a 
manner  that  exhibits  capability  of  supporting  the  forward  and 
aft  ends  of  the  typical  cargo  (such  as  8-x  20-foot  con¬ 
tainers)  that  can  be  flown  at  high  speeds.  For  single-point 
operations,  the  same  two  winches  are  moved  toward  the  center, 
the  two  cables  are  coupled,  and  a  larger-capacity  hook  is 
attached.  Figure  16  shows  this  single-point  suspension. 

I 

The  design  of  the  hoist-drive  system  components  was  also  based 
on  an  integrated  design  with  the  hoist  in  a  manner  similar  to 
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the  requirement  of  designing  an  external  cargo  system  that 
must  be  integrated  with  the  air  vehicle  design. 

For  the  purpose  of  this  study,  two  movable  hoists  sliding  on 
trolleys  to  the  various  desired  positions  were  considered,  as 
shown  in  Figure  16 .  Pneumatic  power  was  provided  at  various 
hoist  positions  through  a  telescopic  conductor,  as  shown  in 
Figure  17 . 


SYSTEM  COMPONENTS 

Before  the  initiation  of  the  hoist-drive  design,  a  definite 
relation  between  the  drum  and  the  hoist  driver  must  be  estab¬ 
lished.  To  go  further,  the  drum  design  is  normally  based  on  an 
appropriate  drum-to-cable  diameter  ratio;  the  necessary 
conclusion  therefore  is  that  the  tension  member  design  and 
definition  are  essential  before  the  hoist-drive  design  can  be 
initiated . 


DUAL  TENSION  MEMBER  HOIST  DESIGN 

The  dual- drum  concept  of  the  hoist  assembly  of  Figure  18  has 
been  selected  primarily  for  the  purpose  of  utilizing  smaller 
diameter  dual  cables  for  excessive  loads.  The  additional  ad¬ 
vantage  of  this  approach  lies  in  the  fact  that  if  each  load 
member  is  instrumented  for  load  measurements  and  a  significant 
load-carrying  imbalance  between  the  two  members  is  indicated, 
deterioration  of  one  member  is  automatically  indicated.  Weight 
analyses  conducted  further  indicate  that  the  dual-drum  approach 
is  not  heavier  than  a  single-drum  approach  for  identical 
capacities . 

A  further  distinct  advantage  of  the  dual-drum  approach  is  that 
regular-lay  rotating  cables  can  be  used  —  one  left-  and  one 
right-lay  cable  are  required.  Since  both  cables  are  attached 
to  a  fixed  connector  producing  a  fixed-end  pull,  rather  than  a 
swivel  connector,  both  cables  are  automatically  torque  bal¬ 
anced.  The  end  result  is  higher  strength  for  the  same  diameter 
cables  or  diameter  cables  for  the  same  capacity. 

When  related  to  the  hoist-drive  gearing,  the  torque  is  in  fact 
decreased  due  to  higher  drum  speed  and  smaller  drum  sizes. 
Estimated  gearing  torque  reduction  is  30  percent  when  compared 
to  the  single-drum  design. 

This  system  approach  will  be  utilized  for  total  hoist  capaci¬ 
ties  exceeding  15  tons. 
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PNEUMATIC  POWER  CONDUCTOR 


Figure  17.  Telescoping  Pneumatic  Power*  Conductors. 
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Figure  18.  Dual-Drum  Hoist 


CG  Offset  and  Impact  on  Hoist  Separation 


Compensation  for  the  load  eg  offset  may  be  accomplished  by 
hoist  separation.  The  resultant  effect  is  smaller  capacity 
hoists  for  analogous  capability.  An  arbitrarily  selected  load 
split  on  each  hoist,  independent  of  the  relative  length  of  the 
load  to  the  hoist  separator,  is  not  realistic;  therefore,  this 
interdependence  is  essential  to  be  considered.  This  relation¬ 
ship  is  illustrated  in  Figure  19.  Realistic  criteria  for  the 
hoist-drive  capacity  were  based  on  the  following  analysis. 

The  total  system  capacity  for  the  analysis  was  based  on  28  tons. 


Load  Asymmetry  Determination 

The  objective  here  was  to  determine  individual  hoist-drive 
capacity  for  the  purpose  of  accommodating  asymmetrical  loads 
in  the  multipoint  suspension  modes. 


Referenced  Backup  Data 

•  ASRD  for  HLH/ATC  Program,  Page  19,  Paragraph  2a 

"The  center  of  gravity  of  loaded  MIL-VANS  shall  be 
assumed  to  vary  longitudinally  plus  and  minus  10% 
of  the  internal  length  measured  from  the  geometric 
center  of  the  enclosed  space." 

•  SAE  Container  Standard 

"The  center  of  gravity  for  the  SAE  standard  varies 
no  more  than  plus  or  minus  5%  of  internal  length 
measured  from  geometric  center  of  enclosed  space. 
The  SAE  standard  for  c.g.  does  not  consider  heli¬ 
copter  operations." 

•  CDC  Definition  of  Maximum  Gross  Weight  of  40-Ft 
Containers 

"The  maximum  gross  weight  of  40  ft.  container 
shall  not  exceed  25  tons." 


Design  and  Rationale.  The  applicable  baseline  criterion 
for  an  individual  hoist  design  was  predicated  on  the  following: 

•  The  separation  distance  between  the  two  hoists 
varies  from  16  to  26  feet. 


59 


LEGEND 


SO  60  70  80  90  YOG 

INDIVIDUAL  HOIST  CAPACITY  (PERCENT  OP  TOTAL) 

Figure  19.  Effect  of  the  Ratio  of  Load  Length  to 
Hoist  Separation  on  the  capacity  of  a 
Single  Hoist. 


i 


Predicated  on  the  criteria  defined  above,  the  load  asymmetry 
accommodation  capabilities  for  the  following  three  conditions 

are  shown  in  Tables  XI  to  XIII. 

1 

•  G  factor  of  2.5,  30-degree  coning  angle,  and  appropri 
ate  drag  factor. 

•  G  factor  of ,2.0,  plus  30-degree  coning  angle,  and 
i  appropriate  drag  factor. 

■  •  G  factor  of  2.5,  appropriate  drag  factor,  and  no 

coning  angle. 


TABLE  XI. 

LOAD  ASYMMETRY  ACCOMMODATION  WITH  2 . 5G  FACTOR,  30- 
DEGREE  CONING,  AND  FIXED  DRAG  FACTOR 

Load 

Length 

Hoist  : 
Separation 

Load 

Weight 

Permissible 
Longitudinal 
CG  Shift 

CG  Shift 

(feet) 

(feet) 

( tons ) 

(feet) 

(%  of  length) 

20 

26 

28 

2.6 

13.0 

20 

20 

28 

2.0 

10.0 

20 

16 

28 

1.6 

8.0 

40 

26 

23 

6 

15.0 

40 

26 

24 

4.5 

11.25 

40 

26 

28 

2.6 

6.5 

TABLE  XII. 

LOAD  ASYMMETRY  ACCOMMODATION  WITH  2 .  OG  FACTOR,  30- 
DEGREE  CONING,  AND  FIXED  DRAG  FACTOR 

Load 

Hoist 

Load 

Permissible 

Longitudinal 

Length 

Separation 

Weight 

CG  Shift 

CG  Shift 

(feet) 

(feet) 

(tons) 

(feet) 

(%  of  length) 

20 

26 

28 

6.5 

32.5 

20 

20 

28 

5.0 

25.0 

20 

16 

28 

4.0 

20.0 

40 

26 

!  23 

10.8 

27.0 

40 

26 

25 

8.8 

22.0 

40 

26 

28 

6.5 

16.25 

I 
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TABLE  XIII.  LOAD  ASYMMETRY  ACCOMMODATION  WITH  2 . 5G  FACTOR , 


FIXED  DRAG  FACTOR,  AND  NO  CONING  ANGLE 


Load 

Length 

(feet) 

Hoist 

Separation 

(feet) 

Load 

Weight 

(tons) 

Permissible 
Longitudinal 
CG  Shift 
(feet) 

CG  Shift 
(%  of  length) 

20 

26 

28 

5 

25.0 

20 

20 

28 

3.85 

19.2 

20 

16 

28 

3.1 

15.5 

40 

26 

23 

8.9 

22.2 

40 

26 

25 

8.2 

18.0 

40 

26 

28 

5 

12.5 

Based  on  the  facts  known  to  date,  it  is  concluded  that  60/40 
percent  load  asymmetry  accommodation  is  adequate.  Each  hoist 
tension  member  shall  be  designed  for  38,800  pounds  total  pull. 
Superimposed  on  the  above  will  be  a  2.5g  factor,  appropriate 
drag,  and  ultimate  factor. 


TENSION  MEMBER  DESIGN 

For  the  purpose  of  defining  realistic  hoist-drive  systems,  the 
requirements  for  the  tension  members,  their  characteristics, 
and  projected  improvements  are  essential.  For  this  study,  the 
tension  members  are  assumed  to  be  steel  cables.  Current- 
technology  cable  strength  is  based  on  MIL-C-5424;  minimum 
breaking  strength  versus  cable  diameter  is  shown  in  Figure  20, 
which  also  shows  projected  improvements  in  cables. 

The  applicable  criteria  for  cable-strength  selection  are  based 
on  a  two-hoist  system,  each  hoist  capable  of  carrying  60  per¬ 
cent  of  the  total  design  load.  Each  cable  therefore  shall  be 
based  on  the  following: 

PB  =  (.6)  (2.5)  (1.5)  d.l5)PDESIGN 

where  Pg  =  cable  breaking  strength 

^DESIGN  =  hoist  system  capacity 

(.6)  =  60%  of  total  design  hoist  load  -  each 

2.5  =  acceleration  load  factor 
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CABLE  DIAM 


Figure  20. 
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MINIMUM  BREAKING  STRENGTH  (IN  THOUSAND  POUNDS) 


Cable  Diameter  Versus  Strength  -  MIL-C-5424 
and  Improved  Cable  Under  Development. 
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1.5  =  ultimate  design  factor 

1.15  =  30°  coning  angle  factor  (see  coning  angle 
requirements) 


To  meet  the  specified  fatigue  load  spectrum  of  10,800  cycles, 
the  ratio  of  drum  diameter  to  cable  diameter  (D/d)  is  24. 

This  requirement  is  based  on  an  actual  test  conducted  by 
NAEC  Philadelphia.  The  results  are  shown  in  Figure  21. 


Maximum  Cable  Diameter 


The  maximum  cable  diameter  should  be  limited  to  1-1/8  inches. 
Cables  exceeding  this  diameter  are  extremely  stiff  and  do  not 
lend  themselves  to  practical  airborne  application  because  they 
require  very  large  drum  diameters  and  produce  excessive  weight 
penalties . 


Power  Transmission  Losses  of  Tension  Members 


Previous  inputs  and  discussions  with  various  hoist  manufac¬ 
turers  indicated  considerable  transmission  losses,  which  are 
defined  as  that  force  applied  along  the  rope  axis  which  is  just 
sufficient  to  cause  the  rope  to  move  over  the  sheave  (or  drum) . 
These  losses  were  previously  estimated  to  be  as  high  as  15  to 
20  percent  of  the  cable  load. 

Actual  tests  conducted  with  various  rope  configurations  util¬ 
izing  various  diameter  ratio  sheaves  negate  these  previously 
assumed  high  transmission  losses,  as  indicated  in  Figure  22. 
Tnese  values  indicate  the  net  transmission  losses  and  do  not 
reflect  bearing  losses.  It  was  also  found  that  there  was  no 
significant  variation  in  the  transmission  loss  per  sheave  with 
angles  of  embrace  of  90°  and  180°.  By  deduction,  it  is  there¬ 
fore  assumed  that  the  effect  on  larger  angle  of  embrace  will 
rot  materially  influence  the  data  presented.  As  expected,  the 
lower  the  ratio  D/d,  the  higher  the  losses. 

If  the  drum  were  considered  as  a  series  of  sheaves,  the  losses 
could  erroneously  be  considered  proportional  to  the  number  of 
winds.  Instead,  however,  the  total  transmission  losses  ap¬ 
proximate  those  of  a  single  sheave.  This  interesting  reduction 
of  the  transmission  losses  from  the  ones  assumed  previously 
now  permits  some  relaxation  on  the  high  gearing  efficiencies 
previously  imposed,  with  possibly  significant  hoist-system 
weight  reductions. 
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THE  AIR-TURBINE  MOTOR  (ATM) 


The  key  to  the  pneumatic  hoist-drive  system  design  is  the  air- 
turbine  motor.  Its  performance  characteristics  are  ideally 
suited  for  this  application,  as  demonstrated  below.  Applica¬ 
tion  of  air-turbine  drive,  particularly  for  airborne  uses,  is 
extensive  and  varied.  Available  equipment  is  designed  and  used 
effectively  for  applications  such  as: 

•  Jet-engine  starters,  consisting  of  an  air-turbine  motor 
and  dissociated  gear  reducer. 

•  ATM-driven  constant-speed  hydraulic  pumps. 

•  Environmental-control  system  (ECS) ,  consisting  of  an 
ATM  driving  a  compressor. 

•  ATM-driven  constant-speed  electrical  generators  . 

•  Controlled  variable-speed  ATM  drives  for  wing-flap 
actuators  and  landing  gear  kneeling  and  retraction 
systems . 

•  ATM-driven  compressors  for  pressurization  systems  and 
bleed-air  generation  for  ECS. 

•  Turbine  engines  for  shaft  power  and  thrust  generation. 
(This  application  stretches  the  point;  nevertheless,  it 
is  an  air-turbine  drive.) 

The  various  ATM  drives  operate  either  intermittently  (starters, 
actuators)  or  continuously  (ECS- ,  ATM-driven  generators,  etc.) 

The  analysis  of  the  hoist  power  requirements  carried  out  by 
Boeing  clearly  shows  that  an  air  turbine  is  the  most  suitable 
motor.  An  air  turbine  automatically  gives  an  increase  of  out¬ 
put  torque  as  speed  is  reduced  by  the  load.  Also,  the  unloaded 
speed  increases  to  about  twice  the  design  speed. 

Depending  on  the  efficiency  of  the  reduction  gears  and  the 
torque/speed  characteristics  of  the  motor,  maximum  air  consump¬ 
tion  may  be  dictated  either  by  the  stall  and  maximum  speed 
requirement  or  by  the  maximum  hoisting  power  requirement.  An 
ideal  combination  of  gearbox  efficiency  and  torque/speed  char¬ 
acteristic  would  give  the  same  airflow  requirement  for  both 
these  boundary  conditions. 
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Air-supply  conditions  for  the  design  case  are  51  psia  (4000 
ft  altitude)  at  450°F  at  the  turbine  nozzles,  and  12.7  psia 
at  the  exhaust.  A  number  of  turbine  configurations  have  been 
examined  and  are  briefly  described  below. 

The  configuration  which  appears  to  offer  the  best  possibility 
of  achieving  the  target  performance  for  a  20-ton  hoist 
capacity  has  an  axial  hoisting  turbine  wheel  of  approximately 
4  inches  in  diameter  and  is  combined  with  an  axial  reversing 
wheel  over  2  inches  in  diameter.  (Radial  wheel  for  the  re¬ 
versing  stage  is  equally  acceptable.) 


TURBINE  CONFIGURATIONS  CONSIDERED 

It  was  not  evident  that  an  axial  turbine  provided  the  best 
overall  characteristics  for  this  application.  Although  the 
axial  turbine  has  better  torque/speed  characteristics,  a  radial 
turbine  can  be  more  readily  designed  with  reversible  variable 
vanes,  eliminating  the  control  throttle  and  its  associated 
losses.. 

The  main  criterion  for  selecting  the  ATM  is  to  achieve  the  re¬ 
quired  minimum  performance  with  the  lowest  maximum  airflow. 
Hence,  high  efficiency  is  required  at  maximum  hoisting  power. 
Control  of  power  by  throttling  is  wasteful  of  power;  if  used, 
the  throttle  must  be  designed  to  give  a  very  low  pressure  loss 
at  full  power. 

Table  XIV  shows  some  of  the  features  of  axial  and  radial 
turbines . 


Axial  Impulse  Turbine  With  Partial  Admission 


This  design  would  have  a  nozzle  ring  with  some  nozzles  angled 
in  th »  reverse-rotation  direction.  Two  air-supply  ports  con¬ 
nect  the  nozzle  to  the  air  control  valve.  This  would  be  de¬ 
signed  to  progressively  throttle  the  air  supply  to  either  set 
of  nozzles,  with  a  central  zero  position. 

If  full  reverse  speed  could  be  a  :hieved  with  not  more  than  30 
percent  reverse  admission,  the  raximum  achievable  efficiency  in 
the  forward  direction  should  be  about  70  percent.  The  arrange¬ 
ment  is  simple,  but  it  will  not  achieve  the  performance  target. 
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TABLE  XIV.  AXIAL  AND  RADIAL  TURBINE  FEATURES 

Feature 

Radial 

Axial 

Maximum  efficiency, 
normal  rotation 

Good 

Good 

Maximum  efficiency, 
reversed  rotation 

Good 

Poor 

Reversing  nozzle 
design 

Complicated,  but 
reasonably  effective 

More  complicated 
and  not  very 
effective  in 
reverse 

Fixed  nozzle, 
partial  admission 
design 

Reasonably 
efficient  in 
both  directions 

Poor  in  reverse 

Torque  speed 
characteristic 

Good 

Better 

Air-consumption 

characteristic 

Increases  with 
speed  reduction 

Relatively  inde¬ 
pendent  of  rpm 

Most  likely  design 
point  for  torque 
and  airflow 

Stall 

Maximum  HP 

Axial  Turbine  With  Inner  Reversing  Blades 


This  would  be  a  full-admission  axial-impulse  turbine  having  a 
pair  of  axial  nozzle  rings.  The  outer  nozzle  is  designed  for 
forward  rotation,  and  the  inner  one  is  designed  for  reverse 
rotation.  Power  control  would  be  by  throttling. 

The  rotor  has  normal  blades  cut  on  the  periphery,  and  an  addi¬ 
tional  set  of  blades  cut  through  the  rotor  to  provide  reversing 
blades.  These  "blades"  may  be  virtually  straight-sic'ed  slots, 
since  the  gas-approach  angle  will  be  nearly  90  degrees  at  max¬ 
imum  speed. 

Since  the  reversing  nozzles  and  blades  are  at  a  smaller  diameter 
than  the  main  blades,  the  maximum  reverse  speed  could  in  princi¬ 
ple  be  higher  than  maximum  forward  speed,  with  the  same  nozzle 
exit  velocity. 

This  arrangement  results  in  the  neatest  and  most  compact  ATM 
design  with  a  sufficient  degree  of  design  flexibility.  How¬ 
ever,  there  could  be  serious  problems  in  the' design  and  manu¬ 
facture  of  the  turbine  wheel,  which  would  be  more  highly 
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stressed  than  a  conventional  wheel.  Given  sufficient  develop¬ 
ment  time,  it  is  believed  that  this  approach  would  give  the 
best  design  for  the  ATM,  but  the  element  of  risk  is  too  high 
for  the  short  development  program  required. 


Variable  Nozzle  Reversible  Radial  Turbine 


This  is  a  simple  radial  turbine  with  a  nozzle  ring  having  an 
even  number  of  pivoting  nozzle  vanes. 

With  variable  angle  nozzles,  reverse  may  be  approached  either 
through  maximum  nozzle  area  or  through  minimum  nozzle  area .  The 
former  can  be  done  with  well-shaped  nozzles,  but  it  is  very 
bad  from  a  control  point  of  view.  Such  a  nozzle  would  probably 
have  to  be  used  in  conjunction  with  an  inlet  control  throttle. 

Reversing  through  zero  area  results  in  a  limitation  in  nozzle 
shape,  but  the  nozzle  ?rea  can  be  used  to  control  power.  At 
maximum  forward  arid  reverse,  the  provisional  design  seems  to 
give  a  very  reasonable  nozzle  shape;  in  moving  from  maximum 
forward  to  maximum  reverse,  half  the  nozzles  rotate  through  an 
angle  of  about  40  degrees,  while  the  interleaving  blades  move 
in  an  opposite  direction  through  an  angle  of  about  14  degrees. 
From  an  efficiency  point  of  view,  this  should  be  better  than 
throttling,  even  if  compromising  nozzle  geometry  reduces  maxi¬ 
mum  turbine  efficiency,  since  there  will  be  no  additional  throt¬ 
tling  losses.  However,  the  basic  characteristics  of  a  radial 
turbine  give  a  high  airflow  requirement  at  stall,  and  this  is 
sufficient  to  eliminate  this  approach. 


Variable  Nozzle  Reversible  Axial  Turbine 


Had  tests  shown  that  an  axial-impulse  wheel  could  be  driven  in  re¬ 
verse  at  the  required  speed,  the  pivoting  nozzle  design  could  be 
used  with  an  axial  wheel.  However,  the  nozzle  mechanism  is  more 
difficult  to  design  for  axial  directed  vanes;  also,  the  per¬ 
formance  of  axial  turbine  nozzles  is  more  critically  dependent 
on  nozzle  shape  than  is  the  case  with  radial  turbines.  There¬ 
fore,  the  high  element  of  risk  eliminates  this  approach. 


Twin -Wheel  Axial  Turbine 


Although  the  use  of 
unload id  hook  seems 
j'.uch  to  be  said  for 


a  separate  wheel  solely  for  paying  out  an 
at  first  sight  to  be  extravagant,  there  is 
it. 
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Since  it  is  required  to  operate  at  twice  the  maximum  power, 
a  wheel  can  be  used  and  can  be  designed  to  give  its  maximum 
efficiency  at  a  speed  where  the  main  wheel  efficiency  is  zero. 
Also,  since  windage  losses  are  proportional  to  the  cube  of  rpm 
and  the  fifth  power  of  diameter,  the  additional  losses  due  to 
the  reversing  wheel  should  be  low  enoug  i  to  make  declutching 
unnecessary. 

The  main  wheel  design  will  be  a  simple  conventional  profile 
designed  for  maximum  fatigue  life  and  maximum  bursting  speed. 

If  this  is  made  from  titanium,  the  bursting  speed  will  be  at 
least  50  percent  higher  than  maximum  unloaded  runaway  speed. 

The  design  of  the  reversing  wheel  will  be  carefully  matched  to 
the  drag  characteristic  of  the  main  wheel,  to  make  excessive  re¬ 
verse  speed  impossible  to  achieve.  This  drag  characteristic 
can  only  be  approximately  calculated,  and  will  need  to  be  es¬ 
tablished  by  testing.  The  only  difficulty  appears  to  be  in  the 
design  of  the  turbine  bearings  and  their  lubrication. 

This  arrangement  seems  to  offer  the  best  possibility  of  achiev¬ 
ing  the  required  hoist  performance  with  the  minimum  of  design 
risk;  it  is  therefore  the  one  selected  for  this  study. 

Single-Axial  Wheel  With  Combined  Radial  Reversing  Stage 


This  is  essentially  similar  to  the  proposal  for  a  wheel  with  an 
inner  row  of  reversing  blades,  but  it  avoids  weakening  the 
wheel,  at  the  expense  of  complicating  the  exhaust  ducting. 

The  shape  of  the  wheel  provides  a  good  stress  distribution,  giv¬ 
ing  a  high  bursting  speed.  The  diameter  of  the  radial  stage, 
complete  with  nozzle  ring  and  a  side  voljte,  has  to  fit  inside 
the  nc  ^le  ring  of  the  axial  stage.  This  should  be  possible 
since  its  design  speed  is  twice  that  of  the  main  stage. 

The  parasitic  drag  of  the  radial  stage  during  normal  operation 
at  design  speed  will  not  be  too  high.  A  3-inch  radial  wheel 
used  on  a  Lucas  diesel  supercharger  takes  5.5  hp  at  100,000 
rpm  when  the  delivery  is  shut  off.  At  50,000  rpm,  this  would 
reduce  the  main  stage  output  power  by  approximately  2  percent. 

The  rotor  design  is  such  that  it  can  be  mounted  on  a  single 
bearing.  The  air  ducting  is  complicated  by  the  need  to  cater 
for  the  radial  turbine  exhaust,  but  this  does  not  appear  to  be 
serious.  The  only  performance  shortcoming  appears  to  be  the 
low  turbine  brake  torque  available  when  hoisting  an  unloaded 
hook,  and  this  can  be  catered  for  in  the  control  system. 
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OPERATIONAL  CHARACTERISTICS 


The  turbine  operational  characteristics  were  briefly  reviewed 
to  establish  operational  criteria.  The  turbine  performance 
analysis  considered  was  for  pure  impulse  wheels.  The  com¬ 
parative  performance  of  radial  versus  axial  design  was  ob¬ 
tained  primarily  from  test  results. 


The  turbine  is  a  device  that  converts  kinetic  energy  of  the 
working  fluid  (bleed  air)  into  mechanical  energy  in  the  form 
of  shaft  power.  The  working  fluid  energy  level  is  a  direct 
function  of  its  pressure  and  temperature,  and  the  effectiveness 
of  the  mechanical  conversion  is  represented  by  the  ratio  of 
mechanical  power  generated  over  maximum  power  recoverable  due 
to  adiabatic  expansion.  The  turbine  efficiency  is  thus  repre¬ 
sented  by: 


where  nT 


turbine  adiabatic  efficiency 


ATt  =  actual  temperature  drop  across  turbine  (measured)  ,°R 
Tfi  =  turbine  inlet  temperature,  °R 

=  .283  (for  air) 


irT  =  turbine  expansion  ratio 


An  expression  for  the  kinetic  energy  of  a  moving  stream  of  air 
transformed  into  a  shaft  can  be  obtained  by  means  of  the  velocity 
diagram  shown  in  Figure  23. 
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The  jet  of  air  from  the  nozzle  is  directed  at  an  angle  (called 
the  nozzle  angle)  with  the  direction  of  motion  of  the  blades; 
the  air  is  moving  with  an  absolute  velocity  Cy^.  The  blade  is 
rotating  at  a  targential  speed  (C*j»)  in  the  direction  shown.  The 
relative  velocity  of  the  air  at  the  entrance  (Vp,)  is  the  dif¬ 
ference  between  vectors  C-j  and  Cyi.  Impulse  braking  is  sym¬ 
metrical,  or  nearly  so;  and  since  there  is  no  friction,  the 
relative  exit  velocity  VR2  equals  Vjq.  The  absolute  exit  ve¬ 
locity  of  the  air,  CV2,  is  the  vector  sum  of  the  relative  exit 
velocity  VR2  and  the  tangential  speed  of  the  rotating  blade. 
The  enthalpy  of  the  air  entering  and  leaving  the  blades  is  the 
same  since  no  expansion  occurs  and  no  loss  in  turbulence  is 
assumed.  Therefore,  the  only  change  in  the  energy  of  the  air 
is  the  kinetic  energy,  measured  by  the  absolute  velocities  Cy^ 
and  Cy2 •  This  change  of  energy  is  delivered  to  the  shaft  as 
work.  Thus,  the  shaft  power  (SP)  for  these  ideal  blades  is 
the  product  of  the  mass  flow  (W)  and  the  change  in  square  of 
the  air  velocity  through  the  turbine.  The  following  equation 
represents  this  relationship: 


CV12  "  CV22 

SP  =  w  -  ft- lb/sec 

22g 

-  CV12 

For  the  purpose  of  conserving  space,  the  derivation  of  the  sub¬ 
sequent  equation  is  eliminated.  The  various  interrelationships 
necessary  for  the  design  are  defined  graphically  and  mathematic¬ 
ally  and  are  as  follows: 

•  The  theoretical  nozzle  exit  velocity  of  the  air 


where  Cyi  =  exit  velocity,  feet  per  second 
H  =  enthalpy,  Btu's  per  pound 

J  =  conversion  factor,  278  foot-pounds  per  Btu 
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(The  exit  nozzle  velocity  is  dependent  on  the  turbine  inlet 
temperature  and  the  expansion  ratio  only,  and  is  completely 
independent  of  the  nozzle  area.) 

•  Bleed  air  quantity  flowing  through  the  turbine  is 

limited  by  the  nozzle  area  and  the  maximum  attainable 
bleed  flow,  WBL  is 


WBL  ~  1,015 


_ 1 -  _  _ l _  /  Ae  pTi\ 

‘V  1,434  (,t>  1.7X7 


which,  for  our  specific  application  (sonic  flow  continuously), 
can  be  reduced  to 


w 


BL 


=  15.6 


A  P 
e  Ti 


Vi 


Ti 


where  WBL  =  bleed  airflow,  pounds  per  minute 

Ag  =  effective  rozzle  are,  square  inches 

Pfi  **  turbine  inlet  pressure,  absolute  inches  of 
mercury 

•  The  torque-generating  capability  of  the  turbine  is 
expressed  as 


T 


NOTE:  angle  u  is  shown  in  Figure  23. 

COS  of  angle  a  larger  than  90°  is  a  negative  value. 
Whon  CT  is  in  reverse  rotation,  the  torque 


generated  T  = 


2W 


ICV1  COS  a+ 

t  cv  / 


/ 
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•  Maximum  turbine  efficiency  occurs  when  the  tip  speed  Ct 
to  spouting  velocity  ratio  is 

=  COS  a 
CV1  2 

I 

and  the  maxiitmm  efficiency  attainable  is 

n  MAX  =  cos2  a 

Frictionless  turbine  efficiency  versus  tip  speed  to  spouting 
velocity  ratio  for  nozzle  angles  of  15  and  20  degrees  is  shown 
in  Figure  24. 

•  Maximum  shaft  power  generation  capability  per  one 
pound  per  second  of  airflow  versus  nozzle  spouting 
velocity  is  shown  in  Figure  25. 

•  Shaft  power  generation  versus  nozzle  exit  velocity  at 
variable  velocity  ratios  is  shown  in  Figure  26. 

•  Shaft  power  versus  nozzle  area  relationship  is  shown 
in  Figure  27. 

•  Torque  generating  capability  versus  velocity  ratio 
relationship  for  various  nozzle  areas  is  shown  in 
Figure  28. 

•  Rate  of  descent  control  (torque  generation  in  reverse) 
versus  velocity  ratio  is  shown  in  Figure  29. 


RADIAL  VERSUS  AXIAL  TURBINE  WHEELS 

Subsequent  pages  define  the  rationale  for  turbine  wheel  con¬ 
figuration.  This  selection  process  between  the  radial  and  the 
axial  turbine  wheel  designs  was  based  on  the  respective  per¬ 
formance  characteristics  of  each  design  (identified  in  Figure 
30)  . 


TURBINE  NOZZLE  CONFIGURATION 

The  selection  process  of  the  turbine  nozzle  configuration  for 
the  purpose  of  hoist-drive  control  was  based  on  the  following 
configurations : 

•  Fixed  nozzle  design  with  upstream  butterfly  valve  con¬ 
trol  —  Figure  31. 


•  Variable  nozzle  design  —  Figure  32. 

•  Partial  admission  nozzle  design  —  Figure  33. 

The  bidirectional  variable-speed  control  with  fixed-  and 
variable-geometry  nozzle  air-turbine  motor  designs  is  ac¬ 
complished  by  modulating  the  airflow  into  the  turbine. 

The  torque  speed  characteristics  for  both  nozzle  configurations 
are  shown  in  Figure  13. 


ANALYTICAL  DATA  SUBSTANTIATION 

Substantiation  of  analytical  data  has  been  considered  the  prime 
order  of  importance  in  this  study  effort.  Toward  this  objec¬ 
tive,  test  data  were  collected  and  actual  tests  were  conducted. 
The  following  represent  the  test  results: 

•  Fixed-geometry-nozzle  axial-wheel  air-turbine  motor 
designs  were  tested  to  define  torque/speed  character¬ 
istics  both  in  positive  and  negative  speed  ranges  at 
various  inlet  pressures .  The  motors  tested  were  coupled 
to  a  dynamometer,  which  served  as  a  load  and  as  a  driver 
for  reverse  rotation.  The  test  data  are  shown  in  Fig¬ 
ures  34  and  35. 

•  A  fixed-geometry  nozzle  radial  wheel  was  tested  on  the 
same  basis  as  the  axial  wheel.  Figure  36  shows  the 
results  of  thi.3  test. 

•  For  the  purpose  ^f  determining  whether  the  dynamic 
braking  concept  with  a  radial  wheel  is  feasible,  a 
test  was  conducted  by  NASA  personnel  for  a  specific 
radial  wheel  motor,  and  the  test  results  including  com¬ 
parison  with  the  axial  wheel  are  shown  in  Figure  37. 

•  The  next  series  of  tests  consisted  of  reversing  the 
ATM  rotation  to  accomplish  empty  (unloaded)  hook  pay¬ 
out.  Both  an  axial  and  a  radial  wheel  were  tested. 

To  accomplish  reversing  capability,  a  reversing  nozzle 
was  required  for  both  configurations.  This  enabled  the 
airflow  jet  to  be  directed  approximately  180°  from  the 
forward  flow  direction  and  into  the  back  end  of  the 
blades.  The  test  results  for  both  wheels  are  shown 
in  Figure  38. 

•  Turbine  multistaging  has  not  been  considered  due  to 
complexity  and  number  of  nozzle  sets  required.  It  has 
been  established  that  with  the  pressure  ratios  under 
consideration,  an  efficiency  goal  can  be  achieved  with 
a  single  stage.  No  advantage  with  multistaging  was 
evident  for  this  application. 
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MAXIMUM  SHAFT  HORSEPOWER  PER  UNIT  FLOW 


VELOCITY  RATIO  (CT/CV1) 

Figure  24.  Frictionless  Turbine  Blading  Conversion 
Efficiency  Versus  Velocity  Ratio  for 
Nozzle  Angles  of  15  and  20  Degrees. 
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Figure  25.  Maximum  Shaft  Horsepower  per  Unit  Flow 
Versus  Nozzle  Exit  Velocity  for  Nozzle 
Angles  of  !5  and  20  Degrees. 
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SHAFT  HORSEPOWER  PER  UNIT  FLOW 
(HP/LB/SEC) 
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NOZZLE  EXIT  VELOCITY,  CV1  (FPS) 

Figure  26.  Shaft  Power  Generation  Versus  Nozzle  Exit 
Velocity  at  variable-velocity  Ratios. 
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NOZZLE  AREA,  A„ 
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Shaft  Power  Versus  Nozzle  Area 
(Applicable  Only  for  Constant 
Tip  Speed  to  Exit  Velocity 
Ratios) . 
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Figure  28.  Blade  Force  Versus  Velocity  Ratio. 


Figure  29. 


LQAD  VELOCITY,  VL  (FPM) 


' fl °r  Constant  Expansion 
Ratio,  Variable  Nozzle  Turbine. 
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SPEED  RATIO,  — 
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Figure  30.  Axial  Versus  Radial  Wheel  Characteristics. 
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Figure  33. 


Partial  Admission  Nozzle. 


TORQUE  AT  STARTER/DYNAMOMETER  PAD 
(FT-LB) 


-  —  DIRECTION  OF  +■  — 

ROTATION 

STARTER  OUTPUT  SPEED  (RPM  x  10"3) 


Figure  34.  Test  Data  for  Bendix  Air  Turbine  Starter. 
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OUTPUT  SHAFT  TORQUE.  LB-FT 
OUTPUT  SHAFT  SPEED,  RPM 

(POSITIVE  SPEEDS  ARE  IN  DRIVING  MODE  OF  OPERATION 
AND  NEGATIVE  SPEEDS  ARE  IN  BRAKING  MODE) 
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Figure  35.  Driving  and  Braking  Performance  of 
the  /^Research  Air  Turbine  Starter. 
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EQUIVALENT  INLET  - 
TOTAL  -  TO  EXIT  -  STATIC  - 


PERCENT  OF  EQUIVALENT  DESIGN  SPEED 


Figure  36.  Variation  of  Torque  with 
Speed  and  Pressure 
x  (From  NASA  TN  D-5090) . 
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Figure  37.  Dynamic  Braking  Capability  (Test  Bed). 
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RADIAL  VERSUS  IMPULSE  TURBiNE  DESIGNS 

The  performance  characteristics  of  radial  and  impulse  turbines 
were  investigated;  and  the  significant  parameters  affecting 
system  design  were  compared.  These  parameters  were:  overspeed 
capability/  impact  on  performance  under  variable  ambient  opera¬ 
tion/  turbine  wheel  diameter/  gear  reduction  requirements/  and 
acquisition  and  design.  A  comparison  of  radial  and  impulse 
turbine  wheels  is  particularly  significant  in  the  investigation 
of  the  dynamic  braking.  The  impulse  turbine  characteristics 
appear  superior  to  the  radial  turbine.  This  was  substantiated 
by  actual  tests  conducted  with  both  axial  and  radial  wheels. 

TURBINE  DESIGN  CONSIDERATIONS 

The  primary  consideration  in  turbine  design  is  the  axial  versus 
the  radial  configuration;  applicable  to  both  types  is  the  de¬ 
termination  of  nozzle  design  —  fixed-geometry  versus  variable- 
geometry.  Discussions  with  vendors  indicated  availability  of 
either  combinations  with  no  major  manufacturing  problems  of  any 
system  selected.  The  breakthrough  with  the  axial  turbine  came 
about  with  "Anocut",  which  is  a  process  of  electronic  machining 
of  cutting  .blades  from  a  single  forging.  In  a  recent  program 
funded  by  the  Air  Force  for  an  advanced  technology  small  en¬ 
gine,  one  radial  and  one  axial  turbine  within  the  same  engine 
were  used  as  a  result  of  optimization  studies  conducted.  To 
repeat,  manufacturing  problems  or  availability  of  any  turbine 
configuration  is  no  problem. 


TURBINE  WHEEL  SELECTION  SUMMARY 

Based  on  analytical  performance  data  of  the  respective  wheels, 
and  on  the  basis  of  the  test  data,  the  following  conclusions 
are  drawn: 

•  The  axial  v/heels  are  more  suited  for  variable-speed/ 
load  hoist  control,  due  to  their  linear  torque  speed 
characteristics . 

•  The  radial  wheel  must  be  approximately  1.4  times 
larger  in  diameter  than  the  axial  wheel.  The  ATM 
housing  is  therefore  larger. 

•  The  radial  wheel  in  reverse  rotation  does  not  provide 
the  discrete  torque  intelligence  necessary  for  the 
rate-of-descent  control  for  hoisting  applications. 
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•  The  radial  wheel's  ratio  of  free  running  speed  to 
optimum  operating  speed  does  not  permit  unloaded 
hook  hoisting  speeds  to  be  equal  to  those  of  the 
axial  wheel. 

•  The  stall  torque  of  the  axial  wheel  is  higher  than 
that  of  the  radial  wheel. 

•  The  variable-geometry  nozzle  design  for  the  radial 
wheel  is  less  complex  than  that  for  the  axial  wheel. 

•  Neither  the  axial  nor  the  radial  turbine  provides 
high-speed  (200%)  empty-hook  payout  capability. 

•  The  effi  "iency  of  both  wheels  is  nearly  the  same. 

•  No  significant  difference  in  fabrication  of  either 
wheel  exists,  nor  is  there:  a  substantial  cost  difference. 

Based  on  the  above,  the  axial  wheel  has  been  selected  as  the 
most  appropriate  for  this  application. 


TURBINE  OVERSPEED  CAPABILITY 

Considerations  to  date  on  the  hoist-drive  system  analyses 
conducted  were  limited  mainly  to  the  design  and  lower-than- 
design  speeds.  Since  hoisting  is  conducted  when  the  helicopter 
hovers,  in  which  mode  the  power  setting  for  the  main  engine  is 
at  a  maximum,  it  was  considered  important  to  provide  higher- 
than-design  hoist  speeds  in  both  directions  with  an  empty  hook. 
The  fuel  saving  that  could  be  realized  with  the  higher  speed 
is  considerable  indeed;  the  mission  time  could  be  reduced 
also. 

The  analysis  and  tests  indicated  that  higher-than-design  forward 
speeds  are  feasible.  Twice  the  design  speed  with  an  axial  wheel 
is  possible,  while  approximately  40  percent  above  design  speed 
may  be  possible  with  radial  wheels  (assuming  design  point  op¬ 
eration  is  at  maximum  turbine  efficiency).  The  reverse  speed 
(paying  out  empty  hook)  of  twice  the  design  speed  required  a 
two-wheel  ATM  configuration,  wherein  one  wheel  is  used  for  hoist¬ 
ing  and  dynamic  braking  while  the  other  is  used  for  reversing. 


VARIABLE-G  ACCOMMODATION  WITH  AN  IMPULSE-TYPE  ATM 

When  designed  for  maximum  operating  power  efficiency,  the  im¬ 
pulse-type  air-turbine  motor  will  inherently  accommodate  a  2.0g 
acceleration  of  the  load.  At  thi*»  acceleration  level,  the  ATM 
will  stall  but  hold  the  load  steadily.  The  airflow  through  the 
ATM  will  be  identical  as  for  the  optimum  design  velocity  at  lg 
design  load. 
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The  torque  generating  capability  of  the  ATM  is 


where  F  =  force  on  the  blades,  pounds  (synonymous  with  torque) 

°  *  airflow,  pounds  per  second 

W 

CVj  *=  jet  velocity,  fps 
a  =  nozzle  angle,  degrees 

g  =  acceleration  due  to  gravity  =  32.2  ft/sec 
CT  *  turbine  wheel  tip  speed,  fps 

The  stall  torque  generation  capability  occurs  when  g  is  zero; 
and  for  a  fixed-nozzle  spouting  velocity,  the  stall  torque  is 
directly  proportional  to  the  airflow  and  is  based  on  the  as¬ 
sumption  that  there  are  no  limits  on  an  effective  turbine  nozzle 
area.  Conversely,  there  is  no  theoretical  limit  on  g-loading 
accommodation  if  adequate  air  supply  is  available. 

For  this  study,  however,  the  problem  was  to  demonstrate  the  im¬ 
pact  on  power,  speed,  and  efficiency  when  the  turbine  is  re¬ 
quired  to  accommodate  higher  than  2.0g  acceleration  loading. 

The  following  generalized  mathematical  relationships  apply. 

•  The  optimum  efficiency  is  obtained  when  the  tip  speed 
of  the  rotating  wheel  is  one-half  of  the  product  of 
the  nozzle  spouting  velocity  and  the  cosine  of  the 

Cvi  COS  a 

nozzle  angle  C«p  *  - 

2 

•  The  overspeed  capability  of  the  turbine  expressed  in 

percent  is  n  =  2— 

G-l 

•  The  airflow  required  is  expressed  as 

o  (HP ) opt /  G2\ 

w  “  COS  a  \G-1/ 
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•  The  relative  turbine  efficiency  (based  on  optimum  of 

1 

100  percent )n  rel  =  0 

W 

Based  on  the  calculation  derived  above,  the  performance 
parameters  of  relative  turbine  efficiency,  relative  turbine 
velocity,  and  airflow  requirements,  W,  are  plotted  vs  "G"  de¬ 
sign  requirements  and  are  as  shown  in  Figure  39.  The  data  are 
tabulated  in  Table  XV. 


TABLE  XV.  G-CAP ABILITY  VS 
AND  EFFICIENCY 

RELATIVE  AIRFLOW,  VELOCITY 

"G" 

G2 

Airflow 

Required 

0 

Rel.  Max. 

Turbine 
Vel  f(X) 

Rel.  Effic. 
g  Rel  = 

1 

Capability 

G2 

G-l 

W 

(G-l)/G 

o  x  100 
w 

1.0 

1 

a 

a 

0 

1.25 

1.5 

0.24 

1.56 

.2 

64.2 

1.4 

1.96 

4.9 

1.22 

.286 

82 

1.5 

2.25 

4.5 

1.125 

.333 

89 

1.6 

2.56 

4.27 

1.06 

.375 

94.5 

1.75 

3.06 

4.08 

1.02 

.428 

98 

1.88 

3.54 

4.02 

1.004 

.468 

99.5 

2 

4 

4 

1.0 

.5 

100 

2.2 

4.84 

4.03 

1.008 

.545 

99 

2.5 

6.25 

4.17 

1.043 

.6 

96 

3 

9 

4.5 

1.125 

.66 

89 

3.28 

10.75 

4.72 

1.18 

.696 

84.7 

3.5 

12.2 

4.9 

1.225 

.715 

81.5 

air-turbine  nozzle  area  design 


The  effective  nozzle  area  design,  when  based  on  a  hot-day  con¬ 
dition,  will  not  permit  adequate  flow  passage  to  accommodate  at 
least  equal  hoisting  capacity  for  cold  ambients.  This  is  at¬ 
tributable  to  the  fact  that  the  temperature  of  the  air  is  much 
colder  with  the  resulting  lessening  of  the  supplied  air  specific 
energy.  The  nozzle  area  design  must  therefore  be  based  on  some 
colder  design-day  conditions.  (The  above  is  based  on  a  constant 
pressure  ratio  operation.)  To  compensate  for  the  lower  specific 
energy  level,  more  airflow  is  required,  which  is  available  from 
tne  increased  capability  of  air  delivery  from  the  compressor  at 
tne  low  temperature. 
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RELATIVE  MAXIMUM  TURBINE  VELOCITY 


I 


I 


I 


MAXIMUM  TURBINE  VELOCITY 


"G"  DESIGN  REQUIREMENT 


Figure  39.  Relative  Turbine  Velocity  and  Efficiency 
and  Airflow  Required  Versus  "G"  Design 
Requirements. 
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RELATIVE  EFFICIENCY,  t7  pEL  _  (%) 
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The  analyses  conducted  herein  were  based  on  a  particular  com¬ 
pressor  design  yielding  a  4:1  pressure  ratio,  which  is  main¬ 
tained  throughout  the  entire  spectrum  of  operating  ambients 
from  -65°F  to  +95°F  and  includes  both  4,000  feet  and  sea  level 
operating- conditions.  Based  on  the  performance  characteristics 
of  the  above  compressor,  the  turbine  inlet  temperature  and 
the  respective  losses  between  the  compressor  and  the  turbine 
were  calculated.  On  the  bhsis  of  degrading  turbine  performance 
from  the  optimum  design-day  condition  of  4 ,000  ft,  95°F,  the  ' 
nozzle  area  reqviired  for  various  ambients  is  as  shown  in 
Figure  40.  , 

i  1 

In  order  to  provide  the  same  hoisting  capacity  at  4,000  fti 
-65°F  conditions,  the  nozzle  area  required  is  approximately 
11  percent  higher  than  for  the  equivalent  capacity  at  4,000 
ft,  95°F  condition.  The  corresponding  airflow  requirement  is 
^  36  percent  higher  at  the  -65°F  ambient  condition. 

'  1 

The  effective  nozzle  area  must  therefore  be  designed  for  the 
-65°F  condition  in,  order  that  nd  degradation  of  capacity  at. 
i  this  temperature  occurs.  The  adequacy  of  the  increased  air 
delivery  from  the  compressor  has  been  established. 
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EFFECTIVE  NOZZLE  AREA,  An  (SQ.  IN.) 


-100  -50  0  50  100 

AMBIENT  TEMPERATURE  (°F) 


Figure  40.  Nozzle  Area  Required  for  a  Constant  Hoist 
of  23  Tons  at  60  Feet  per  Minute  Versus 
Ambient  Temperature. 
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THE  AIR  COMPRESSOR 


The  compressor  for  the  pneumatic  hoist-drive  system  is  analogous 
to  a  pump  for  a  hydraulic  drive  and  to  a  generator  for  an  elec¬ 
trical  drive. 

There  were  no  limitations  on  type  of  compressor  designs  during 
this  study.  Either  centrifugal,  multistage  axial,  or  a  combina¬ 
tion  of  centrifugal  and  axial  was  acceptable. 

The  imposed  limitations  were  a  minimum  of  80%  adiabatic  com¬ 
pression  efficiency,  minimum  weight,  and  high  reliability. 

Investigation  of  "off-the-shelf"  units  available,  shown  in 
Figure  41,  that  will  meet  these  requirements  resulted  in  the 
selection  of  a  unit  whose  tested  performance  characteristics 
are  shown  in  Figure  42. 

This  unit  weighs  approximately  26  pounds.  It  consists  of  six 
axial  stages  and  one  centrifugal  stage  and  is  ideally  suited 
for  hoisting  capacities  of  up  to  50  tons  at  sea-level  standard 
conditions.  This  unit  has  been  used  in  a  small  prime  propulsion 
helicopter  engine  operating  at  pressure  ratios  in  excess  of 
6:1  at  corrected  speeds  of  approximately  50,000  rpm. 


COMPRESSOR  PERFORMANCE  AND  POWER  LEV^L  REQUIREMENTS 

Performance  of  the  compressor  design  of  Figure  41  has  been 
calculated  for  the  total  spectrum  of  operating  ambients  and  is 
shown  in  Figure  43.  Table  XVI  shows  the  data  used. 

The  purpose  of  this  effort  was  to  provide  visibility  regarding 
the  power  level  requirements,  air  delivery,  and  compressor  dis¬ 
charge  temperature  at  various  ambients  for  both  sea  level  and 
4,000-foot  altitudes. 

The  above  data  are  based  on  a  constant-speed  operation  and  a 
constant  4:1  pressure  ratio.  These  calculations  indicate 
power  level  requirements  of  213  HP  at  4,000  ft,  95°F  design 
conditions  and  approximately  338  HP  at  sea  level  -65#F  de¬ 
sign  day.  The  relative  power  magnitudes  are  identified  for 
comparison  purposes  only.  The  compressor  air  delivery  for  the 
conditions  specified  is  112  pounds/minute  and  210  pounds/minute, 
respectively.  Both  conditions  are  based  on  a  constant  pressure 
ratio. 
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Figure  42.  performance  Map  of  an  Available 
Air  Compressor. 
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Figure  43.  Compressor  Performance  Versus 
Ambient  Temperature. 
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Predicated  on  a  constant  rotational  input  speed  of  42,300  rpm 
and  based  on  a  constant  pressure  ratio  of  4:1,  the  unit  effi¬ 
ciency,  the  airflow,  and  the  corrected  speed  are  as  tabulated 
in  Table  XVI. 


TABLE 

XVI.  COMPRESSOR  PERFORMANCE  VERSUS  AMBIENTS 

STATE- 

POINTS 

Tamb 

(OR) 

6 

— 

VT  | 

rvT 

< 

u.  -  - 

v?  : 

L:  Ti  : 

- J 

T  '  —] 

1  H  1 

N  !  C  | 

• 

4000/95 

555 

1.070 

1.035  <  .88808 

1.165 

2.25 

1.93 

40,779 

42,300 

82  1 

1.0 

S.L./95 

555 

1.065 

1.035  :  1.00000 

t 

1.035 

2.25 

2.17 

,  40,779 

42,300 

82 

1.13 

4000/60 

520 

1.000 

1.000  .88808 

1.125 

2.50 

2.22 

42,300 

42,300 

79.5 

1.15 

S.L/60 

520 

1.000 

1.000  1.00000 

1.000 

2.50 

2.50 

42,300 

42,300 

79.5 

1.30 

4000/0 

460 

.885 

.942  .88808 

1.060 

2.75 

2.60 

44,800 

42,300 

74 

1.35 

S.L/0 

460 

.  885 
.760 

.942  ■  1.00000 

1 

.942 

2.75 

2.92 

,  44,800 

42,300 

74 

1.52 

4000/-65 

395 

.760 

.875  .88808 

.985 

3.10 

3.15 

48,300 

42,300 

67 

1.63 

S.L/-65 

395 

.760 

.875  '  1.0000  .  .875  3.10 

3.54 

48,300 

42,300 

67 

_ _  i 

1.83 

T 

8  *s  amb  /Or\ 
520 


6  =  p  (Hg)  (absol.) 
25792 


N  ■  rpm 

o>0  *  4000'  -  95*F  airflow,  lb/sec 
o 

u)  «  lb/sec 

■  compressor  efficiency 


Based  on  the  compressor  characteristics  of  Table  XVI,  the  dis¬ 
charge  temperature  and  the  power  absorbed  by  the  compressor 
versus  ambient  conditions  are  tabulated  in  Table  XVII  as  shown. 


For  the  hoist-drive  application,  the  corrected  speed  require¬ 
ments  are  estimated  to  be  under  40,000  rpm,  with  the  resulting 
pressure  ratio  of  approximately  43:1.  This  reduction  in  speed 
and  lower  pressure  ratio  are  expected  to  result  in  better 
reliability  and  lower  maintenance  than  in  the  original  appli¬ 
cation. 
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TABLE 

XVII. 

DISCHARGE  TEMPERATURE  AND  COMPRESSOR 

POWER  ABSORPTION  VERSUS  VARIABLE  AMBIENTS 

Altitude 

Tamb 

(°F) 

Compressor 

Discharge  Temperature 
(°F) 

Power  Absorbed 
by  Compressor 
(hp) 

95 

421 

242  , 

60 

375 

268 

1  - 

0 

299 

298 

-65 

218 

301 

4000 

95 

421 

214 

4000 

60 

375 

238 

4000 

0 

299 

265 

4000 

-65 

218  . 

338 

ALTERNATIVE  COMPRESSORS 

A  suitable  alternative  single-stage  centrifugal  compressor  is 
available  in  the  form  of  the  high-pressure  compressor  of  the 
RS360-18  engine.  The  test  characteristics  of  this  compressor 
are  shown  in  Figure  44. 

The  required  pressure  ratio  of  4.3:1  and  maximum  air  delivery 
temperature  of  450 °F  can  be  achieved  by  aerodynamically  over¬ 
speeding  the  compressor,  estimated  cheracteristics  of  which  are 
shown  on  Figure  45.  The  rotational  speed  indicated  is  not  a 
mechanical  overspeed,  being  below  the  design  speed  of  the  im¬ 
peller  when  run  supercharged  in  an  engine.  '  ; 

The  load  compressor  will  comprise  an  impeller  ahd  diffuser 
whose  aerodynamic  design  is  identical  with  the  high-pressure 
compressor  section  of  the  RS360  gas  generator.  It  will  be 
aerodynamically  oversped,  compared  to  that  of  the  gas  generator, 
to  achieve  the  required  delivery  pressure  ratio  of  4.3:1,  and 
will  be  mounted  in  a  volute  casing  of  new  design.  This  unit  is 
located  forward  of  the  "core"  compressor  inlet. 

The  allowable  flows  which  can  be  provided  lie  between  132  pounds/ 
minute  and  165  pounds/minute.  Figure  46  shows  a  range  comparable 
to  these  values.  Estimated  efficiency  is  approaching  80  percent. 

,  1  i 

This  \ nit's  estimated  weight  is  67  pounds,  which  includes  the 
compr*  ssor  rotor,  the  diffuser,  and  the  volute  casing.  Operating 
speed  for  this  application  is  estimated  at  39,826  rpm. 
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The  compressor  size  including  the  complete  installation  when 
coupled  to  the  RS  360-18  engine  is  shown  in  Figure  47. 


! 

An  alternate  compressor  design  applicable  for  hoisting  is  ex¬ 
pected  from  the  F-15  APU  engine.  This  unit  is  also  centrifugal 
and  is  expected  to  weigh  less  than  the  selected  design  of  26 
pounds.  The  peak  efficiency,  however,  is  estimated  79%. 
Further  performance  and  physical  characteristics  are,  as  of  this 
writing,  not  available.  i 

i  : 

SUMMARY  ON  COMPRESSORS 

Based  on  the  above,  compressor  availability  should  constitute 
no  problem.  As  hoisting  capacities  increase,  compressors  should 
be  more  plentiful.  Efficiency  increase  with  higher  capacity 
unit  is  expected. 
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IMPELLER  DIAMETER  -  9.976  IN.  (LARGE) 
DIFFUSER  THROAT  AREA  -  2.592  IN.2  (NOMINAL) 
.006  IN.  RUNNING  CLEARANCE  AT  100*  SPEED 
BLEED  FLOW- 0.85* M3 


1.2  1.4  1.6  1.8  2.0  U  2.4  2.6  2.8  3. 


m3  Je 
6 

Figure  44.  Load  compressor  Characteristics 
for  the  Rolls-Royce  RS  360-18. 
l  no 
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Figure  45.  Estimated  Performance  at  Aerodynamic  Over speed 
for  the  Rolls-Royce  RS  360-18. 
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Compressor  Installation  on  the  Rolls-Royce 
RS  360-18  (Sheet  1  of  2) . 
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Figure  47.  Continued  (SI 
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H«W  COMB.  CHAMB.  QA1 GENERATOR  TURBINS  POWER  TURBINE  ft  EXHAUET  I 


ALL  DIMENSIONS  ARE  NOMINAL  AND 
COLO  UNLESS  OTHERWISE  STATED. 

ALL  B.L.  AND  W.L.  ARE  ENGINE  DI¬ 
MENSIONS  MEASURED  HORIZON¬ 
TALLY  AND  VERTICALLY  FROM 
ENGINE  <^. 

ALL  STATIONS  ARE  AXIAL  ENGINE 
DIMENSIONS  MEASURED  FORWARD 
AND  AFT  FROM  STATION  200. 

'H'  AND  'C'  FOLLOWING  A  DIMEN 
SION  SIGNIFY  HOT  AND  COLD. 

ENGINE  DATUM  FACE  (STA  200.0) 

IS  DATUM  FOR  ALL  DIMENSIONS 
AND  TOLERANCES. 

ALL  FEATURES  ARE  WITHIN  2.S 
1.100)  OF  TRUE  POSITION  UNLESS 
OTHERWISE  STATED.  ANGULAR 
VARIATION  ON  ALL  FACINGS 
IS  WITHIN  1°  UNLESS  OTHER¬ 
WISE  STATED. 

ALL  DIMENSIONS  OTHER  THAN 
STATION,  WATER  AND  BUTTOCK 
LINES  ARE  SUBJECT  TO  A  TOLER¬ 
ANCE  OF  ♦  0.26  1.010)  UNLESS 
OTHERWISE  STATED. 

CERTAIN  INTERFACES  MAY  HAVE 
BEEN  OMITtED  IN  ANY  ONE  ATTI 
TUOE  BUT  ARE  SUBSEQUENTLY 
SHOWN  IN  FURTHER  VIEWS. 
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THE  CONTROL  SYSTEM 


The  control  schematic  representing  the  baseline  multipoint 
hoist  system  is  shown  in  Figure  48.  The  control  system  design 
is  based  on  a  fully  integrated  hoist  with  the  air  vehicle  con¬ 
trols.  The  elements  considered  for  this  control  system  are 
shown  in  Figure  49. 

This  schematic  is  based  on  the  following: 

•  All  sensors  for  feedback  as  well  as  open-loop  control 
shall  be  electronic,  where  feasible, for  rapid  response. 

•  To  minimize  actuator  size,  the  power  for  actuation 
shall  be  hydraulic. 

•  The  lube  pump  in  addition  to  lubrication  shall  provide 
the  control  power  as  well.  Presently,  a  small 
constant-speed  electric  motor  is  considered  the  most 
effective.  All  components  are  located  within  the  ATM 
housing. 

•  The  control  system  will  not  be  limited  to  the  hoist 
drive  only.  It  will  be  integrated  with  the  air  vehicle 
and  control  power  system  generator  outputs  such  as 
pressure,  temperature,  speed,  and  safety  protection. 

Some  rationale  for  the  above  approach  is  based  on  the  following: 

•  For  fast  response  characteristics  and  control  power, 
hydraulics  seem  to  be  favored  with  electronic  sensing 
and  intelligence.  Response  time  of  20  MS  with  good 
stability  is  used  today  for  gas  turbine  engine  control 
applications. 

•  The  pneumatic  system  response  without  rate  correction 
anticipator  is  estimated  at  200  MS.  The  response  with 
an  anticipator  is  100  MS. 

•  In  the  control  system  design,  the  stability,  rather 
than  the  response  characteristics,  is  the  important 
consideration . 

•  Estimated  maximum  frequency  limit  with  large  pneumatic 
valves  is  2  cps. 
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•  The  hydraulic  system  must  be  maintained  at  reasonable 
temperatures;  otherwise,  the  viscosity  effect  may 
deteriorate  the  response  time  by  a  factor  of  10. 

There  are  no  problems  in  this  area  with  the  pneumatic 
hoist. 

Controversial  opinions  exist  relative  to  response  characteris¬ 
tics  for  fixed-  versus  variable-geometry  nozzle  design.  The 
concensus,  however,  is  that  for  this  application,  there  are  no 
significant  differences  with  either  nozzle  design. 

Some  apprehension  has  been  expressed  regarding  response  and 
compensation  for  the  very  high  inertia  of  a  12-ton  load  (750  slug 
ft2) .  These  fears  are  groundless  —  the  equivalent  projected 
load  inertia  at  the  turbine  shaft  is  only  4.7  x  10“*  slug-ft2. 
(This  compares  to  a  60-HP  hydraulic  pump  drive  for  the  "747", 
whose  inertia  is  1.315  x  10”^.  Typical  main  engine  starters 
applicable  to  the  HLH  see  inertia  from  1.73  to  7.85  slug-ft2.) 

Average  theoretical  angular  acceleration  based  on  the  average 
accelerating  torque  of  the  pneumatic  drive  (does  not  consider 
turbine,  wheel,  and  gearing  inertia)  is  16  rad/sec2,  which 
corresponds  to  a  linear  load  acceleration  of  .495G  (much  too 
rapid  an  acceleration  for  helicopters) . 

Estimated  time  from  0  to  design  rpm  is  theoretically  65  milli¬ 
seconds.  An  estimated  acceleration  time  for  a  similar  applica¬ 
tion  where  turbine  wheel  and  gearing  inertias  are  included  is 
shown  in  Figure  50.  Higher  response  rates  are  feasible. 
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Figure  49.  Control  System  Element  and  Air  Vehicle  Interface. 


TORQUE  REFERENCED  AT  ATM  OUTPUT  SHAFT  (FT  -  LB) 


1 


NOTES:  '  i 

1.  OPERATION  SHOWN  IS  FOR  SEA  LEVEL  WITH  ATM  DISCHARGE  PRESSURE 
EQUAL  TO  14.7  PSIA  1 

2.  PERFORMANCE  SHOWN  FOR  ATM,  INLET  PRESSURE  EQUAL  TO  29.2  PSIG, 
WHICH  IS  MINIMUM  PRESSURE  REQUIRED  TO  MEET  AN  0.24  SECOND 
ACCELERATION  TIME  AFTER  ATM  INLET  VALVE  INITIATION 

3.  PERFORMANCE  CALCULATED  FOR  MINIMUM  BLEED-AIR  TEMPERATURE  OF 
340°F 

4.  DRIVE  INERTIA,  Ip  -  0.003934  SLUG-FT2 


Figure  50.  Estimated  performance  of  the  Optimized 
Air  Turbine  Motor  (AiResearch) . 
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THE  GEARING  SYSTEM 


Considerable  effort  was  directed  toward  gearing  design, pri¬ 
marily  because  of  conflicting  vendor  inputs  relative  to  the 
projected  gearing  system  weights,  which  varied  from  150  pounds 
to  as  high  as  800  pounds  per  hoist. 

Faced  with  this  confusing  situation,  Boeing/Vertol  has  conducted 
independent  in-house  evaluations  of  various  configuration  gearing 
designs,  which  included,  among  others: 

•  Fixed-Ring  Differential  System  —  Figure  51 

•  Four-Planetary  System  —  Figure  52 

•  Fixed-Sun  Differential  System  —  Figure  53 

•  Three-Spur,  Two-Planetary  System  —  Figure  54 

•  Two-Spur,  Two-Planetary  System  —  Figure  55 

The  various  configurations  were  weight  and  stress  analyzed; 
on  the  basis  of  the  Boeing/Vertol  computer  analysis  program,  the 
most  effective  gearing  system  selected  for  the  baseline  hoist 
design  is  as  shown  in  Figure  56. 

Studies  conducted  subsequent  to  the  above  gearing  analyses  indi¬ 
cate  that  the  ATM,  with  its  integral  high-speed  gearing,  can 
provide  a  shaft  output  which  is  concentric  with  the  axis  of  the 
drum. 
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Figure  56.  Baseline  Gearing  System  - 
Triple  Planetary. 
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WEIGHT  ANALYSIS 


Very  encouraging  results  for  realistic  weight-trend  projections 
for  various  hoisting  capacities  are  indicated  from  the  analysis 
to  date.  These  projections  not  only  apply  to  the  hoist  drive, 
but  encompass  the  total  hoist  system  complete  to  the  hook. 

The  basic  approach  used  consists  of  individual  component  analysis 
as  related  to  the  variable  hoisting  capacities  under  considera¬ 
tion.  Most  components  are  interdependent  and,  in  fact,  pyramid 
with  each  other,  while  some  components  are  dependent  on  the  load 
capacity  only.  The  key  to  the  solution  lies  in  the  mathematical 
expression  of  the  various  interdependencies,  with  the  focal  point 
dictated  by  the  load  capacity. 

This  approach  is  applicable  to  present-day  cables  and  improved 
tension  member  technology,  and  is  also  applicable  to  any  hoist 
configurations  such  as  capstan  or  drum-type  hoist  designs. 

The  necessary  steps  required  for  realistic  parametric  weight 
projection  for  the  various  capacity  hoist  systems  are  as  follows: 

e  a  baseline  hoist  system  (say,  20  tons)  is  designed. 

•Individual  components  are  designed  on  the  basis  of 
best  technology  available. 

e  The  basic  drum  diameter  to  cable  diameter  ratio  selec¬ 
ted  is  maintained  constant  for  all  capacities  con¬ 
sidered.  Cable  construction  is  assumed  constant  for 
all  hoists.  Stress  values,  as  well  as  unit  loading, 
are  also  maintained  constant. 

The  cable  load-carrying  capacity  and  its  gradual 
deterioration  with  increased  cable  diameter  are  assumed 
to  maintain  the  same  relative  degradation  as  the 
present  technology  cables  exhibit,  and  are  based  on 
properties  defined  in  MIL-C-5424. 

e  The  baseline  hoist  weight  is  the  sum  of  individual 
components  expressed  as 


WH  =  WX  +  w2  +  W3  +  W4  + - 

where  subscripts  1,  2,  -----  denote  individual  com¬ 
ponents  considered,  such  as  cables,  drum,  gearing,  and 
structure. 
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Each  component  represents  a  certain  percentage  of  the 
total  system  weight;  and  for  the  purpose  of  projecting 
relative  total  hoist  system  weight  increase  ratio, 
based  on  the  increased  capacity  ratio  compared  to  the 
baseline  hoist  design,  the  applicable  relations  are 


n 


H 


•H 


+  B 


+  C 


+  D 


WQ  =  total  weight  of  the  baseline  hoist 

=  ratio  of  hoist  weight  for  higher  capacity  designs 
Wo 

PQ  =  baseline  hoist  capacity 

JP  =  relative  ratio  of  higher  capacity  hoists  com- 
PQ  pared  to  the  baseline  capacity 

nH  =  Exponential  value  for  the  total  hoist 


n1#  n2,  n3,  -  -  -  =  Exponential  value  for  individual 

components 

A,  B,  C,  - - -  Component  percentage  weight  of  the 

total  baseline  hoist  system 


A  mathematical  expression  in  terms  of  the  exponential 
values  is  derived  next,  and  is  based  on  physical  char¬ 
acteristics  and  degradation  factors  (where  applicable) 
for  each  respective  component.  Note  that  a  mathe¬ 
matical  solution  of  exponential  value  is  the  key  to  the 
problem.  In  some  instances,  it  is  simple;  in  others, 
various  nonlinearities  exist;  frequently,  empirical 
relationships  are  employed. 


The  expo  _ntial  value  nH  for  the  total  hoist  system  is 
calculated  from  the  relationship  developed  in  (4)  above. 

The  hoist  weight  ratio  (compared  to  the  baseline 
capacity  design)  is  calculated  for  any  capacity  hoist 
ratios . 


The  various  exponent  values  are  then  analyzed  and  re¬ 
examined.  High  exponential  values  are  those  contribu¬ 
ting  most  significantly  to  the  total  hoist  weight  in¬ 
crease.  The  components  with  high  exponential  value  are 
therefore  the  areas  requiring  additional  investigation; 
they  also  identify  the  areas  of  most  useful  effort  in 
weight  reduction  analysis. 
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The  applicable  major  component  exponential  value  developed 
analytically,  based  on  component  percentage  of  a  baseline 
20-ton  hoist  system  design,  is  shown  in  Table  XVIII.  Figure  57 
shows  that  an  increase  in  system  capacity  causes  an  increase 
in  component  weight. 


TABLE  XVIII.  COMPONENT  EXPONENTIAL  VALUE 

:  1 

Major  Component 

Exponential 

Value 

Percent  of 

System  Total 

Drum 

Deadwrap  portion 

1.68 

3.34 

Livewrap  portion 

1.10 

12.50 

Total 

15.84 

Gearing 

Total 

1.23 

19.47 

Tension  Member  (Cable) 

Deadwrap  Portion 

1.80 

3.47 

Livewrap  portion 

1.10 

12.90 

Total 

16.37 

Support  Structure 

Structure  Members 

1.01 

17.40 

Bearings 

1.25 

5.80 

Total 

23.19 

Level  Wind 

1.01 

10.18 

Load  Isolate 

1.00  • 

4.34 

Coupling 

1.00 

6.73 

ATM  Drive 

1.00 

3.89 

Tables  XIX  and  XX  give  weight  data  for  systems  of  various 
capacities.  Figure  58  shows  weight  versus  capacity  for  a 
single  hoist,  and  Figure  59  shows  weight  versus  capacity  for  a 
total  system. 

The  weight  of  a  hoist  system  for  tandem  helicopters  with  pay- 
loads  up  to  50  tons  should  be  a  constant  2.3  percent  of  design 
gross  weight. 
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Figure  57.  Component  Weight  Versus  System 
Capacity  (Sheet  1  of  2) . 
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WEIGHT  (LB)  WEIGHT  (LB) 


1,200 


LEVEL  WIND 


LOAO  ISOLATOR 


CAPCITY  (TONS) 
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10  20  30  40  50 
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Figure  57.  Continued  (Sheet  2  of  2) 


TABLE  XIX.  HOIST  SYSTEMS  COMPONENT  WEIGHT  BREAKDOWN 
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HOIST  SYSTEMS  COMPONENT  WEIGHT  BREAKDOWN — BACKUP  DATA 
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Figure  58.  Weight  Versus  Capacity 
for  a  Single  Hoist. 
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WEIGHT  (LB) 
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Figure  59.  Weight  Versus  Capacity  for 
a  Total  Hoist  System. 


129 


PNEUMATIC  POWER  GENERATION  COST 


Frequent  comments  about  pneumatic  system  inefficiency  often 
lead  to  elimination  of  the  pneumatic  concepts  on  this  basis 
alone.  If  one  accepts  adiabatic  compressor  efficiencies  of 
80%  and  corresponding  turbine  efficiency  of  up  to  85%  (Fig¬ 
ures  42  and  60  show  a  performance  sample) ,  the  combined  effici¬ 
ency  of  the  system  (losses  neglected)  will  be  74% ,  not  0.85  x 
0.80,  which  is  due  to  partial  regeneration  of  the  compressor 
inefficiency  reflected  in  higher  turbine  inlet  termperature , 
which  corresponds  roughly  to  a  hydraulic  pump/motor  combination 
overall  efficiency  of  86%  each. 

What  must  be  suspected  is  that  the  operating  speed  of  the  air 
turbine  is  often  not  matched  properly  with  optimum  design 
speed  of  the  turbine.  The  effect  of  the  proper  speed  matching 
of  hydraulic  components  is  considerably  less  sensitive  than  is 
the  ATM.  Mismatched  speed  with  air  turbines  will  result  in 
drastic  performance  loss  as  indicated  in  Figure  30. 

Similar  to  the  generally  held  belief  about  the  inefficiency  of 
pneumatic  power  system  generation,  another  almost  universal 
belief  exists  regarding  the  exorbitant  cost  of  bleeding  main 
engines  for  pneumatic  power  systems.  There  is  an  element  of 
truth  in  this  assumption,  except  that  in  this  specific  hoist- 
drive  analysis  based  on  the  integrated  HLH  design  approach,  it 
does  not  apply.  On  the  basis  of  the  conducted  trade-off  studies 
below,  it  was  substantiated  that  bleeding  the  main  engine  for 
power  to  the  hoists  is  the  safest  and  the  most  economical 
method,  regardless  of  any  power  drive  system  selected. 

The  following  are  the  prime  factors  that  make  this  possible: 

•  The  design  conditions  for  the  air  vehicle  require  the 
engines  to  operate  at  60  to  80  percent  of  normal 
rating,  except  during  an  emergency  engine-out  situ¬ 
ation. 

•  The  bleed  air  requirement  for  full-capacity  hoisting 
represents  less  than  3  percent  of  the  total  engine 
air  through- flow. 

•  In  the  event  that  one  engine  fails  and  hoisting  is 
still  required,  the  on-board  APU  will  be  started  to 
provide  hoist  power. 
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Figure  60 
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Single-Stage  Axial  Turbine  Performance 
Showing  Efficiencies. 
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•  Bleed  ports  are  available  at  the  lower  compression 

stages,  resulting,  in  not  much  higher  thap  design  pres¬ 
sure  required  for  the  ATM,  and  only'  minimal  cooling  is 
required  to  the  limiting  temperature  of  450&F. 

t 


PNEUMATIC  POWER  GENERATION  TRADE-OFF  STUDIES 

,  I 

The  power  generation  study  was  conducted  on;  an  integrated 
basis  combining  the  hoist-drive  system  with  other  aircraft 
power  systems.  This  integrated  power  system  was  based  on  an 
aircraft  design  capable  of  carrying  a  28-ton  external  load. 

The  load  hoisting  velocity  was  based  on  60  feet  per  minute. 

I 

The  estimated  individual  system  power ! requirements  are  shown 
in  Table  XXI.  1  ; 

i  ■  1 

The  estimated  minimum  simultaneous  power  requirements  are 
shown  in  Table  XXII.  , 

i 

) 

Four  different  concepts  of  pneumatic  power  generation  were 
investigated.  These  concepts  are  shown  in  Figures  61,  62,  63 
and  64.  The  primary  differences  and  operating  characteristics 
are  summarized  in  Table  XXIII. 

I  j  i 

The  analysis  for  in-flight  fuel  requirements  was  based  on  a  1.5-  * 
hour  aircraft  mission.  ’  > 


ENGINE  BLEED  FUEL  COST  1 

In  order  to  establish  meaningful  data  upoh  which  the  final 
system  of  pneumatic  power  generation  was  selected,  three  ap¬ 
plicable  engines  for  this  2 8- ton- pay load  aircraft  were  in¬ 
vestigated.  The  overall  pressure  ratio  of  the  three  engines 
varied  from  12:1  up  to  22:1.  All  engines  were  analysed  for 
interstage  bleeding.  The  fuel  penalty,  the  percentage  of 
bleed  air  with  respect  to  total  air  through-flow,  and  the  bleed 
pressure  ratio  at  various  power  settings  are  shown  in  Table 
XXIV. 

A  simplified  version  of  the  above  table  indicating  delta  fuel 
flow  versus  bleed  air  mass  flow  as  well  as  the  appropriate 
percentage  based  on  53  lb/min  bleed  is  shown  in  Figure  65. 

TRADE-OFF  STUDY  SUMMARY 

The  subsequent  tables  summarize  (1)  the  component  weight  com¬ 
parison  of  the  four  concepts  (Table  XXV)  investigated,  (2)  the 
total  fuel  and  component  weight  differential  between  the 


132 

’  i 

:  I 


I 


} 


TABLE  XXI.  INDIVIDUAL  SYSTEM  POWER  REQUIREMENTS 
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TABLE  XXII.  MINIMUM  SIMULTANEOUS 
REQUIREMENTS 

POWER  TO  MEET 

Subsystem 

HP 

Airflow 

(lb/min) 

Min. 

Max. 

Min. 

Max. 

Hoist 

190 

201 

94.5 

100 

Generators  (based  on  5 KVA) 

11.25 

12 

5.65 

6 

Flight  Control  Pumps  (based  on 

59.5 

63.4 

29.7 

31.5 

2/3  capacity) 

Min.  ECS 

40.2 

40.2 

20 

20 

Total 

301 

317 

150 

158 

Average 

308 

153 

various  concepts  (Table  XXVI) ,  and  (3)  in-flight  fuel  flow  re¬ 
quirement  comparison  for  the  selected  four  concepts  (Table 
XXVII). 

It  is  concluded  that: 

•  Concept  B  shows  the  best  fuel  economy. 

•  Concept  B  shows  the  best  weight  economy, 

•  Concept  B  can  provide  full  ECS  during  periods  of 
maximum  hoisting,  if  desired. 

This  study  further  shows  that  bleeding  the  engine  for  this 
specific  application  is  superior  by  far.  Observe  that  full- 
capacity  hoisting  for  10  percent  of  the  aircraft  mission 
time  of  1.5  hours  (.15)  is  only  10  pounds  total.  A  more 
realistic  figure  for  full-capacity  hoisting  is  probably  5 
percent  mission  time,  with  the  net  result  of  total  fuel  con¬ 
sumption  of  5  pounds  directly  chargeable  to  the  hoist-drive 
system. 

In  addition  to  providing  fuel  economy,  bleeding  the  engine  has 
an  additional  advantage  in  that  no  independent  rotating  com¬ 
ponents  are  required. 
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AIR  TURBINE 
STARTER 


Figure  61.  Pneumatic  System  -  Concept  A. 
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AIR  TURBINE  STARTER 
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AIR  TURBINE  STARTER 
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TABLE  XXIII.  PNEUMATIC  POWER  SYSTEMS-PRIMARY 
DIFFERENCES  IN  CHARACTERISTICS 


Config¬ 

uration 


Air  Source 
Primary  Backup 


APU  Driven 
Compressor 
With  Xmsn. 
Mtd.  ECS 
Turbine 

Engine 

Bleed 


xmsn-Driven  API' 
Comp.  With  Driven 

Xmsn.  Mtd.  Comp. 

ECS  Turbine 


APU  Driven 
Compressor 
With  APU 
Mtd.  ECS 
Turbine 


Engine 

Bleed 


Engine 

Bleed 


APU 

Driven 

Comp. 


Environmental  Control  System 
Flight  ( 

Ground  On  Prim- 
Operation  ary  Air 


Heating  Heating  Heating  and 

Only  and  Cooling 

Cooling 


Heating  Heating  Heating  and 

and  and  Cooling 

Cooling  Cooling 

Heating  Heating  Heating 

Only  and  (Perhaps 

Cooling  Cooling) 


Heating  Heating  Heating 

and  and  Only 

Cooling  Cooling 


TABLE  XXIV.  INVESTIGATED  ENGINE  BLEED  AIR/FUEL 
COST  CHARACTERISTICS 


Power 


Pressure  Bleed  Air 


Setting  Bleed  Air  AFuel  Flow  Ratio 

Engine  ( %)  (Lb/hr) I  (%)  ( lb/hr )|  (%)  (w) 


53.3  3.14  61 
53.3  2.53  73 


4.78  ttio=6.0 
3.69  tt iq=6 . 8 


2.22  ir 


2.28  30.4  1.24  ir  «=4.8 

6.85  101.5  4.12 


36.5  1.3 

109.6  3.9 


2.03  42.6  1.35  tt  g=5.30 

6.10  120.8  3.81 


Temp 

(dF) 


450°F 

600°F 


430°F 


BLEED  (LB/MIN) 


0  1  2  3  4  5  6  7 

%  BLEED 

Figure  65.  Engine  Bleed  Versus  Fuel  Consumption 
for  Engines  A,  B,  and  C. 
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TABLE  XXV.  COMPONENT  WEIGHT  COMPARISON 

- 1 - 1 - 

Item  , 

Concept 

Weights 

(lb) 

Description 

"B" 

"C" 

"D" 

APU 

mm 

Bareline  at  6000  rpm 

Less  internal  gearing 

146 

184 

184 

(estimate) 

B,"j  1  M  ‘ 

-10 

-30 

-30 

Net  Weight 

154 

136 

154 

154 

APU  Compressor 

26 

20 

26 

26 

Regenerative  Turbine 

45 

45 

45 

Air  Cycle  Machine 

- 

30 

1 

— 

XMSN  Driven  Compressor 

i  ™ 

- 

26 

- 

XMSN  Drive  for  Compressor 

22 

1  - 

25 

• 

ECS  Heat  Exchanger 

25 

10 

25 

25 

Moipture  Separator 

5 

10 

10 

ECS  Fan/Exducer 

5 

10 

10 

ECS  Distribution  Delta 

— 

15 

100 

CBR  Filtration  Unit 

Main  Engine  Bleed  Air  ' 

60 

120 

120 

Manifolding  &  Control 
Main  Engine  Bleed  Air 

30 

“ 

30 

i  Valves  (3) 

15 

15 

— 

15 

Precooler  and  Fan . 

25 

25 

- 

25 

Pressure  Regulator  and 

Flow  Control 

5 

5 

- 

5 

i  . 

1  TOTALS 

502 

341 

456 

565 

Note:  Only  components  that  ,vary  cire  considered. 


TABLE  XXVI.  SYSTEM  CONCEPT  WEIGHT  COMPARISON 

Net  Weight  Differences 

• 

for  1.5-Hour  Mission 

Concept 

Fuel 

Components 

Total 

A 

'  +12Q.5 

+161 

+281.5 

(56.8) 

(219.8) 

B 

0 

0 

0 

C 

+  33.5 

i  +115 

+148,5 

(—28 .2) 

1 

(86.8) 

D 

+  64.5 

+  224 

+288.5 

:  (2.8) 
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TABLE  XXVII.  IN-FLIGHT  FUEL  FLOW  REQUIREMENT  COMPARISON  (BASED  ON  MIN 
_ SIMULTANEOUS  POWER) 
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SYSTEM  CONCEPT  DEMONSTRATION  TESTING 


A  series  of  tests  was  conducted  for  the  purpose  of  determining 
the  various  unknowns  that  do  not  lend  themselves  to  analysis 
and  for  the  purpose  of  demonstrating  the  system  concept  oper¬ 
ation. 

No  attempt  for  optimization  was  made  nor  was  there  a  specific 
capacity  system  design  intended.  The  data  presented  therefore 
are  primarily  qualitative,  with  the  quantitative  values  ob¬ 
tained  used  for  backup  only. 


TEST  SETUP  NO.  1 

The  objective  of  this  test  was  to  determine  the  following: 

•  Heat  generation  and  maximum  temperature  encoun¬ 
tered  within  the  ATM  housing  as  a  result  of  forced 
driving  of  the  turbine  wheel  by  an  external  source 
such  as  a  dynamometer  (analogous  to  the  hoisted  load 
driving  the  turbine)  . 

•  Windage  losses  of  a  driven  turbine  wheel  in  forward 
and  reverse  direction.  The  objective  is  to  determine 
what  size  reversing  wheel  is  required  for  empty-hook 
reversing  speed  payout. 

The  unit  test  consisted  of  a  pure  impulse  wheel  of  6.25 
inches  OD  and  5.0  inches  ID,  The  original  motor  consisted  of 
partial  admission  nozzles. 

Schematic  representation  of  the  test  setup  is  shown  in 
Figure  66. 


Heat  Generation 

Temperature  and  pressure  probes  within  the  unit  were  located 
as  shown  in  Figure  67,  where: 

T^  =  Turbine  exit  areas 

T2  =  Area  immediately  adjacent  to  the  turbine  wheel 

T3  =  Nozzle  inlet  area  indicating  gas  temperature  as  a 
consequence  of  ventilation  and  recirculation 
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5:1  G.  R.  3.75:1  G.  R. 


(OVERALL  GEAR  RATIO  -  18.75) 

Figure  66.  Test  Setup  No.  1. 


TURBINE  WHEEL 
MEAN  OIA  -  5.6  IN. 
RPM  -  50,625 


Figure  67.  Location  of  Test  Probes. 
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*  Gearbox  oil  temperature 

The  pressures  were  recorded  in  inches  of  water  gage. 

The  dynamometer  speed  was  adjusted  to  a  constant  rotation  of 
2700 rpm,  resulting  in  the  turbine  wheel  speed  of  50,625  rpm. 

The  turbine  was  rotated  clockwise  (reverse)  and  counterclock¬ 
wise  (forward)  with  the  turbine  inlet  and  open  to 
the  atmosphere. 

The  results  of  this  test  are  shown  in  Tables  XXVIII  and  XXIX, 
and  Figure  68. 


TABLE  XXVIII. 

CLOCKWISE  ROTATION  TEMPERATURE  INCREASE  VERSUS 
TIME  -  CHAMBER  BLANKED  (VALVE  CLOSED) 

Turbine 

Time 

Ti 

T2 

T3 

t4 

Pi 

P2 

P3 

Speed 

(sec) 

(°F) 

(°F) 

(OF) 

(°F) 

("H20") 

("H20") 

( "H2O" ) 

(rpm) 

1 

Accelerat 

ion  t 

ime  3 

0-6 

0  sec  fro 

m  zero  to 

50,600 

RPM 

0 

352 

627 

176 

3.8 

1.6 

4.4 

50,625 

60 

430 

738 

212 

3.5 

1.8 

3.9 

50,625 

120 

446 

823 

248 

- 

3.4 

1.7 

3.8 

50,625 

180 

472 

878 

292 

- 

3.5 

1.7 

3.8 

50,625 

240 

490 

913 

338 

132 

- 

- 

- 

50,625 

300 

509 

932 

374 

137 

“ 

" 

50,625 

TABLE 

XXIX. 

CLOCKWISE  ROTATION  TEMPERATURE  INCREASE  VERSUS 
TIME  -  CHAMBER  BLANK  REMOVED  (VALVE  OPEN) 

Time 

Ti 

T2 

T3 

T4 

Pi 

P2 

P3 

Turbine 

Speed 

(sec) 

(°F) 

(°F) 

(°F) 

(OF) 

("H20") 

CH20m) 

("h20") 

(rpm) 

0 

212 

563 

292 

91 

6.5 

12.1 

1.6 

50,625 

60 

273 

643 

374 

102 

5.7 

11.0 

1.5 

50,625 

120 

302 

698 

446 

110 

5.6 

10.8 

1.5 

50,625 

180 

320 

734 

500 

112 

5.3 

10.5 

1.5 

50,625 

240 

338 

752 

545 

5.2 

L_ 

10.1 

1.5 

50,625 

From  the  tabulated  data  and  from  Figure  68,  it  is  apparent  that 
the  highest  generated  temperature,  T2 ,  is  immediately  adjacent 
to  the  turbine  wheel  as  would  normally  be  expected.  The  max¬ 
imum  temperature  after  300  seconds  of  operation  was  932°F, 
indicating  that  a  special  high- temperature  alloy  for  the  blades 
is  not  required. 
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TEMPERATURE (°F) 
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Figure  68.  Temperature  Rise  Generated  by 
Reverse  Running  of  Turbine. 
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It  is  further  indicated  that  the  slope  of  the  curve  is  con¬ 
tinually  decreasing  and  is  attributed  to  rapid  rate  of  heat 
conduction.  In  practical  hoisting  application,  the  high  speed 
reversing  time  duration  is  not  expected  to  exceed  100  seconds, 
and  the  resulting  temperatures  expected  will  therefore  be  sig¬ 
nificantly  lower. 

For  dynamic  braking,  the  temperature  rise  is  expected  to  be 
significantly  less  due  to  lower  rate  of  descent  and  due  to  the 
air  supply  (that  provides  energy  for  the  braking)  cooling 
effect.1  i  • 

j 

I  »  '  * 

Power  Requirement  Due  to  Windage  Losses 


With  the  test  setup  described  above,  quantitative  determination 
of  windage  losses  v/as  attempted.  Tests  were  conducted  with  a 
6.25-inch-diameter  wheel. 

i 

The  first  series  of  tests  was  conducted  with  bladed  and  un-; 
bladed  discs  over  a  range  of  speeds.  Figure  69  is  based  on 
power  difference  between  bladed  and  unbladed  di^cs  and  there¬ 
fore  reflects  the  blade  losses  only.  This  approach  was 
necessary  since  both  gearing  losses  were  not  readily  determi¬ 
nable  .  1 

Subsequent  tests  were  run  with  t;he  turbine  wheel  without  blades 
and  the  results  are  tabulated  in  Table  XXX.  A  graph  of  the£e 
data  is  shown  in  Figure  70.  1  i  1 

On  the  basis  of  Figures  69  and  70,  the  maximum  total  windage 
losses  of  the  blades  and  the  discs,  as  well  ah  some  gear 
transmission  losses,  are  shown  ii\  Figure  71. 

An  analysis  of  the  blade  windage  losses  of  Figure  71  confirms 
that: 

•  With  the  control  valve  shut  (blanked) ,  windage 

losses — particularly  at  higher  speed — can  be  reduced 
significantly.  , 

•  Blade  windhge  losses  are  relatively  constant  for 
forward  and  reverse  rotation. 

•  An  empirical  relationship  between  windage  power  and  , 
speed  pf  rotation  can  be  expressed  as 


(control  valve  closed) 
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BLADE  0/D  «  6.2S  IN. 
BLADE  I/O -5.00  IN. 


IdHlSSOl  39V0NIM30V18 
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Figure  69.  Blade  Windage  Loss 


TURBINE  SPEED  (RPM  X  10-3) 


Figure  70.  Disc  Windage  Loss. 
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TURMNE  SREEO  <R  x  HT3) 

Figure  71.  Total  Turbine  and  Component  Windage  Loss. 


TABLE  XXX.  WINDAGE  LOSSES  OF  DISC  WITHOUT 
BLADES  (GEARING  INCLUDED) 


Control  Valve 
Position 

Dynamometer 

Speed 

(rpm) 

Turbine 

Speed 

(rpm) 

Windage 

Loss 

(hp) 

Open 

1000 

18,750 

1.C71 

1500 

28,200 

2.53 

2000 

37,600 

6.171 

2200 

41,300 

4.53/5.15  (2  runs) 

2400 

45,000 

5.55/6.03  (2  runs) 

2700 

50,625 

7.52 

Closed 

1000 

18,750 

.8 

1500 

28,200 

1.58 

2000 

37,600 

2.94 

2200 

41,300 

3.68 

2400 

45,000 

4.25 

2700 

50,625 

5.94 

and 


(control  valve  open) 


The  tabulated  values  for  the  windage  losses  are  not  conclusive 
since  the  gearing  transmission  losses  are  not  available.  In 
any  event,  the  windage  loss  of  the  unbladed  disc  portion  must 
be  considered  in  the  analysis  and  design. 


TEST  SETUP  NO.  2 

A  second  test  was  conducted  at  another  vendor  facility  with 
different  turbine  wheel  configurations.  The  test  objectives 
were : 

•  Verify  data  obtained  on  previous  tests  and  discussed 
above . 

•  Demonstrate  dynamic  braking  capability. 

•  Determine  acceleration  time  from  zero  to  maximum  rpm. 

•  Investigate  methods  of  reducing  drag  power. 

•  Demonstrate  200  percent  of  design  speed  reversing 
capability. 
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•  Demonstrate  continuity  of  torque/speed  characteristics 
when  changing  from  positive  to  negative  rotation  and 
vice  versa. 

The  unit  tested  was  a  modified  jet  engine  starter.  The  tur¬ 
bine  wheel  diameter  (hoisting  wheel)  was  7  inches.  To  provide 
for  reverse  rotation,  a  4.4-inch  diameter  wheel  was  used.  The 
starter  engine  is  shown  in  Figure  72.  The  test  setup  of  this 
breadboard  is  as  shown  in  Figure  73,  where  the  turbine  shaft 
passing  through  a  gear  reduction  ratio  of  16.4:1  was  connected 
through  a  clutch  to  a  flywheel  with  inertia  of  18  slug-ft2. 

The  drag  power  losses  of  the  7-inch  wheel  in  reverse  rotation 
were  determined  by  driving  a  hydraulic  motor  with  the  air- 
turbine  motor  and  then  measuring  the  pressure  and  flow 
parameters  of  the  hydraulic  system  at  various  speeds. 

The  test  results  of  power  drag  under  various  conditions  are 
shown  in  Figure  74.  Note  the  very  significant  difference  in 
power-drag  reduction  with  a  shrouded  wheel  baffle  plate. 

The  next  series  of  tests  consisted  of  establishing  the  effec¬ 
tiveness  of  the  turbine  wheel  as  an  aerodynamic  brake 
(dynamic  brake)  and  to  get  a  "feel"  of  acceleration  time  from 
zero  to  maximum  speed  in  both  directions  with  the  inertia 
wheel  connected. 

The  recorder  traces  (Figure  75)  indicate  acceleration  times 
with  either  wheel,  braking  capability  with  either  wheel,  and 
smooth  transition  from  forward  to  reverse  rotation  and  vice 
versa.  These  tests  were  conducted  many  times  with  very  good 
repeatability. 

This  series  of  tests  proved  the  feasibility  of  directly 
coupling  a  reversing  wheel  on  the  hoisting  wheel  with  little 
penalty  in  the  hoisting  mode.  This  is  based  on  the  fact  that 
the  estimated  drag  power  is  a  function  of  the  diameter  to  the 
fifth  power  (hp^D5)  .  The  reversing  wheel  is  expected  to  be 
approximately  one-half  of  the  hoisting  wheel  with  relatively 
small  resulting  drag.  At  40,000  rpm,  the  drag  shall  be  about 
one  horsepower. 

The  fact  that  the  power  drag  of  the  hoisting  wheel  can  be 
reduced  by  various  configurations  is  helpful  in  that  the  re¬ 
versing  wheel  can  be  small.  For  our  application,  the  maximum 
tip  speed  will  be  limited  to  approximately  1,800  fps.  Subject 
to  nozzle  area  limitations,  the  hoisting  wheel  should  be  as 
small  as  possible. 

There  is  not  the  slightest  doubt  about  dynamic  braking  capa¬ 
bility  of  the  axial  wheel  design  as  shown  in  Figure  75.  The 
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inertia  wheel  used  in  this  test  is  approximately  1,000  times 
as  high  as  the  equivalent  inertia  that  will  be  seen  by  the 
turbine  shaft  in  hoisting  application  (turbine  wheel  inertia 
not  compared  here).  In  spite  of  this, rather  rapid  speed  ac¬ 
celerations  and  decelerations  were  accomplished  in  both  direc¬ 
tions  of  rotation.  Subsequent  analysis  in  the  control  system 
area  indicated  that  control  response  for  the  hoisting  applica¬ 
tion  is  very  good. 

The  200-percent  reversing  empty  cable  payout  should  constitute 
not  the  slightest  problem.  In  the  hoisting  mode  the  hoisting 
speed  with  an  unloaded  cable  will  be  approximately  198%  of  the 
design  speed. 

The  remaining  tests  to  be  conducted  would  be  the  "proper 
matching"  of  the  hoisting  and  reversing  wheels. 

The  power/speed  characteristics  test  data,  including  the  mag¬ 
nitude  of  drag  power  losses  for  the  hoisting  and  reversing 
wheel,  are  summarized  in  Figure  76. 


I 
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Figure  72.  Air  Turbine  Motor  Modified  To  Combine  Hoisting 
and  Reversing  Functions  (Sundstrand) . 
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Figure  74.  Effects  of  Windage-control 
Devices  (Sundstrand) . 
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Figure  76.  Summary  of  Hoisting  and  Reversing 
Wheel  Performance. 
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STRESS  ANALYSIS  SUMMARY 


^I^tUral4.analYSiS.0f  the  cargo  hoist  system  is  based  on  a 

system  capacity.  The  analysis  approach  for  the  turhi no 
blades  and  turbine  disc  include  consideration  of  the  following. 

CENTRIFUGAL  BLADE  STRESSES 

The  stress  levels  in  a  rotating  beam  are  determined  numerical¬ 
ly,  assuming  that  the  mass  of  the  blade  is  concentrated  at 

b«w^„  ^°TS  al?n?  the  axis  and  that  *>•  sectionof  beam 
between  the  two  points  is  massless  but  possesses  the  elastic 

properties  of  a  real  beam.  This  method  is  used  to  determine 
forced-vibratron  ampiitude  ratios  and  may  be  used  to  dltSUlne 
static  deflections  and  stress  levels. 


NATURAL  FREQUENCY  OF  AXIAL  BLADES  BY  "BEAM  THEORY” 

This  analysis  is  based  on  the  "Beam  Theory",  which  assumes 

^?iC^OSS"SeCt^°nal  dimensions  of  the  blade  are  considered 
small  in  comparison  to  the  spanwise  length.  The  solution 
etermines  the  flexural  and  torsional  frequencies  and  mode 
shapes  of  cantilever  blading.  Flexural  frequencies  are  cor¬ 
rected  for  rotation  of  the  blade  about  the  rotor  axis 


TURBINE  DISC  AN ALYS I S 


The  turbine  disc  contour  and  thickness  are  obtained  bv  de- 

lauain?o  a  c°n^ant“stress  disc  "ith  the  rim  load 

equal  to  the  platform  and  blade  load.  The  calculated  stresses 

in  the  disc  include  radial  stresses,  tangential  stresses  and 
effective  stresses.  The  effective  stresses  or  eqS?aXn4 
failurpS  comPuted  from  the  Henky-Von  Mises  theory  of 
mnm1  ‘  311  calculated  stresses  are  those  occurring  at  maxi¬ 
mum  operating  speed,  and  include  the  centrifugal  loading  and 

^  °f  tei?Perature  gradient,  manufacturing  tol- 
a tnd  ^alance_ring  material  removal.  The  wheel-burst 
speed  is  based  on  the  average  tangential  stress  in  the  di«c 
and  includes  a  burst  factor.  The  burst  factor,  or  material 
utilization  factor  as  it  is  sometimes  called,  is  multiplied 
thSedi«he  material  ultimate  strength;  this  value  is  equal  to 
Seel  avera9e  tangential  stress  at  the  burst  speed^f  the 
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For  the  hoist  drive  system,  a  high-speed  air- turbine  gearbox 
reduces  the  turbine  speed  by  a  12.2:1  gear  reduction  ratio, 
which  is  further  reduced  at  the  hoist  drum  by  a  30.4:1,  gear 
reduction  ratio. 

1  ‘  ' 

A  three-stage  planetary  drive  system  ;was  selected  for  the 
cable  drum  drive.  ,For  the  high-speed  air-turbine  drive,  a 
two-step  parallel  shaft  drive  was  selected.  Both  drives  are 
spur-gear  arrangements,  which  are  inherently  simple;  the  , 
torques  and  speeds  involved  allow  a  compact  package  with  mini¬ 
mum  size  and  weight. 

I 

The  bearings  and  gears  have  been  sized  conservatively — bearings 
having  a  B-10  life  of  3,600  hours  and  gears  having  a  life 
equivalent  to  an  aircraft  life  of  10,000  flight  hours.  In  all 
gears,  a  25°  pressure  angle  is,  used  to  provide  good  bending 
strength  with  reasonable  sliding  velocities.  ' 


HOIST-DRUM  TRIPLE-PLANETARY  REDUCTION  GEARBOX 

Strength  substantiation  and  size  selection  for  the  hoist-drum 
drive- system  components  are  summarized  in  Tables  XXXI  to 
XXXIV.  Output  power  from  the  high-speed  air  turbine  drive  is 
shared  equally  between  the  dual-drum  system.  Design  ultimate 
power  is  94,  which  results  from  a  60-percent  cargo  payload 
distribution  to  the  critical  hoist,  combined  with  a  2.5g  pay- 
load  inertia  factor  and  a  1.15  cable  angle  factor. 

For  fatigue  design,  a  cubic  mean  cable  load  is  determined  from 
the  payload  fatigue  spectrum  and  percentage  of  occurrence. 

The  cubic  mean  power  for  fatigue  design  is  14.5,  which  cor¬ 
responds  to  the  calculated  cubic  mean  cable  load  of  7,990 
pounds . 


AIR  TURBINE  HIGH-SPEED  GEARBOX 

Tables  XXXV  to  XXXVIII  present  design  analysis  data  for  the 
air  turbine  high-speed  gearbox.  The  gears  and  bearings  have 
been  designed  for  a  cubic  mean  power  of  12  at  design  speed. 
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TABLE  XXXI.  GEAR  DATA— -HOlST-DRUM  TRIPLE-PLANETARY 
REDUCTION  GEARBOX 

J 

'  Gear 

Diametral  1 
Pitch 

Pitch 

Diameter 

(in.) 

Ij’ace 
Width 
(in. ) 

Speed 

(rpm) 

1st  Stage  Su: 

Gear  #1  > 

10.78 

1.300 

i 

.950 

4360 

1 

1st  Stage  Planet 
Gear  #2 

9.68 

5.580 

.750 

524 

1st  St  j'=?  i  rum 
Ring  oeur 

9.95 

12.250 

.850 

58.5 

2nd  Stage  Sun 

1  Gear  ,#3 

9.60 

! 

2.500 

1.150 

414 

2nd  Stage  Planet 
Gear  #4 

10.09 

4.860 

1.000 

124 

1 

2nd  Stage  Drum 
Ring  Gear 

9.95 

12.250 

1.150 

14.3 

3rd  Stage  Sun 

Gear  #5 

10.00 

3.000 

1.750 

58.5 

3rd  Stage  Idler 
Gear  #6 

9.95 

4.624 

1.620 

38 

3rd  Stage  Drum 
Ring  Gear 

9.95 

. 

12.250 

1.800 

14.3 
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TABLE  XXXII.  GEAR  LOADS— HOIST-DRUM  TRIPLE-PLANETARY 
REDUCTION  GEARBOX 

Gear 

Ultimate 
Design  Load 
(lb) 

Cubic  Mean 

Load 

(lb) 

1st  Stage  Sun  and  Planet 
Gear  #1  and  #2 

697 

107 

1st  Stage  Carrier  Post 

1,394 

215 

1st  Stage  Drum  Ring  Gear 

697 

107 

2nd  Stage  Sun  and  Planet 
Gear  #3  and  #4 

3,700 

570 

2nd  Stage  Carrier  Post 

7,400 

1,140 

2nd  Stage  Drum  Ring  Gear 

3,700 

570 

3rd  Stage  Sun  and  Planet 
Gear  #5  and  #6 

18,160 

2,800 

3rd  Stage  Carrier  Post 

36,330 

5,590 

3rd  Stage  Drum  Ring  Gear 

18,160 

2,800 

TABLE  XXXIII.  SHAFT  TORQUE- -HOIST-DRUM  TRIPLE- 
PLANETARY  REDUCTION  GEARBOX 

Shaft 

Ultimate  Design 
Torque 
(in. -lb) 

Cubic  Mean 
Torque 
(in. -lb) 

Input  Shaft 

1,360 

210 

1st  Stage  Carrier 

13,880 

2,130 

2nd  Stage  Carrier 

81,740 

12,600 

1st  Stage  Drum  Input 

12,800 

1,970 

2nd  Stage  Drum  Input 

68,020 

10,480 

3rd  Stage  Drum  Input 

333,760 

51,400 
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TABLE  XXXIV.  BEARING  LOADS— HOIST-DRUM  TRIPLE¬ 
PLANETARY  REDUCTION  GEARBOX 


Bearing 

Ultimate 
Design  Load 
(lb) 

Cubic  Mean 

Load 

(lb) 

1st  Stage  Planet  Bearing 

1,394 

215 

2nd  Stage  Planet  Bearing 

7,400 

1,140 

3rd  Stage  Planet  Bearing 

36,330 

5,590 

TABLE  XXXV.  GEAR  DATA— AIR  TURBINE  HIGH-SPEED  GEARBOX 

Gear 

Diametral 

Pitch 

Pitch 
Diameter 
(in. ) 

Face 

Width 

(in.) 

Speed 

(rpm) 

High  Speed 
Pinion  #4 

36 

1.000 

.700 

53,500 

High  Speed 

Gear  #3 

36 

3,417 

.625  !  17 ,200 

\ 

Intermediate 
Pinion  #2 

20 

1.100 

1.150 

17,200 

Output 

Gear  #1 

20 

- 1 - 

3,950  1.100 

4,360 

TABLE  XXXVI.  GEAR  LOADS--AIR  TURBINE  HIGH-SPEED  GEARBOX 

Gear 

Ultimate 
Design  Load 
(lb) 

Cubic  Mean 

Load 

(lb) 

High-Speed  Pinion  #4 

444 

42 

High-Speed  Gear  #3 

444 

42 

Intermediate  Pinion  #2 

1,378 

131 

Output  Gear  #1 

1,378 

131 
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TABLE  XXXVII.  SHAFT  TORQUE— AIR  TURBIN! 

!  HIGH-SPEED  GEAR  BOX 

Shaft 

Ultimate  Design 
Torque 
(in. -lb) 

Cubic  Mean 

Torque 
(in. -lb) 

High  Speed 

222 

21 

Intermediate 

757 

72 

Output 

2,720 

258 

TABLE  XXXVIII.  BEARING  LOADS— AIR  TURBINE  HIGH-SPEED  GEAR  BOX 


Ultimate  Design 

Load 

(lb) 

Cubic  Mean 

Load 

(lb) 

134 

13 

310 

29 

722 

68 

1,100 

104 

689 

65 

689 

65 

Bearing 
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HOIST-DRIVE  DESIGN  FOR  20 -TON -CAPACITY  SYSTEM 


The  20-ton  hoist-drive  system  design  was  based  on  the 
following: 

•  Analysis  and  preliminary  design  conducted  in 
Phase  I 

•  Design-support  tests  conducted  for  the  purpose 
of  substantiating  analyses 

•  System  operational  concept  demonstration  testing 
observed  by  Eustis  Directorate  personnel 

•  Continuous  technical  dialogue  with  various 
pneumatic  system  and  component  designers  and 
fabricators  substantiating  design  concept  and 
performance  feasibility 

•  Review  and  "hardening  up"  of  Phase  I  analytical 
effort 


The  culmination  of  the  above  resulted  in  a  20-ton  hoist-drive 
system  design  represented  in  the  following  drawings  shown  in 
Figures  77  through  81. 


The  single  most  significant  departure  from  the  Phase  I  analyt¬ 
ical  and  preliminary  design  effort  was  the  dual-drum  and 
paired-cable  approach.  Subsequent  design  studies  revealed  that 
this  approach  will  have  to  be  modified.  The  substantiation 
for  this  modification  was  based  on  a  28-ton  hoist  system 
presently  in  the  design  process  for  Advanced  Technology  Com¬ 
ponent  Development  for  the  HLH  helicopter. 


This  approach  applies  equally  to  the  20-ton  hoist  system,  and 
is  as  follows. 


A  design  trade-off  study  comparing  various  drum  arrangements 
and  deployment  schemes  was  conducted.  The  results  of  this 
study  led  to  the  definition  of  the  hoist  as  a  paired-cable 
system  utilizing  parallel  drums  with  a  single-point  payout 
(SPP)  . 
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This  system  offers  the  best  weight  potential,  eliminates 
lateral  trim  changes  as  a  function  of  tension  member  payout, 
and  permits  the  use  of  smaller-diameter  tension  members, 
which  will  facilitate  handling  and  tension  member  producibil- 
ity.  In  addition,  it  also  affords  an  opportunity  to  incorpo¬ 
rate  a  comparator  type  nondestructive  test  system  for  safety. 

The  original  winch  design  concept  was  assumed  to  be  a  conven¬ 
tional  level-wind  design.  Subsequently,  a  single-point  payout 
winch  configuration  was  developed  which  was  competitive  with 
the  level-wind  hoist.  To  limit  the  hoist  bulk  and  also  to 
provide  an  opportunity  to  consider  the  development  of  a  sys¬ 
tem  to  compare  cable  condition,  a  number  of  configurations  for 
twin-cable  hoists  have  been  evolved.  These  configurations 
were  compared,  together  with  the  basic  single-cable  hoist,  to 
enable  the  selection  of  a  suitable  concept  for  design  devel¬ 
opment.  The  studies  are  discussed  below. 


SINGLE-CABLE  HOISTS 

Development  of  design  concepts  for  single-point  payout  hoists 
and  analysis  of  the  drum  stress  have  resulted  in  a  design 
concept  that  appears  to  offer  the  advantages  of  the  SPP  hoist 
with  a  weight  saving  over  the  level-wind  design. 

A  comparison  of  the  relative  merits  of  the  two  design  concepts 
resulted  in  selection  of  a  concept  for  further  development. 


Level -Wind  Hoist 

A  cross  section  of  the  level-wind  design  comparable  with  the 
SPP  design  is  shown  on  Figure  82.  The  side-load  rollers  are 
attached  to  traversing  carriages  mounted  on  a  pair  of  lead- 
screws.  The  leadscrews  terminate  at  the  hoist  side  frames, 
supported  in  bearings  and  driven  from  the  cable  drum  to 
synchronize  movements.  With  the  cable  fully  stowed,  the  hook 
will  exit  from  the  tunnel  approximately  9  inches  from  the  air 
craft  centerline  on  the  left-hand  side.  With  100  feet  of 
cable  deployed,  the  cable  will  be  approximately  9  inches  from 
the  aircraft  centerline  on  the  right-hand  side. 


Single-Point  Payout  Hoist 

The  SPP  hoist  concept  is  shown  in  Figure  83.  The  reduction 
gearing,  primary  drive,  ATM,  and  brake  will  be  essentially  the 
same  as  for  the  level-wind  hoist.  Whereas  in  the  level-wind 
concept  the  final  drive  is  direct  from  the  gearbox  to  the  inside 
of  the  drum,  in  the  SPP  design  the  final  drive  is  to  a  central 
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Figure  77.  General  Arrangement  of  System. 
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Figure  83.  Single-Point  Payout  Hoist. 


support  tube  extending  from  the  gearbox  housing  to  the  far 
support  frame.  At  a  location  coincident  with  the  aircraft 
centerline ,  a  flanged  disc  with  integral  ribs  is  mounted  on 
the  central  support  tube.  The  outer  rim  of  this  disc  mounts 
a  number  of  linear  ball-race  housings.  Grooves  on  the  inside 
surface  of  the  cable  drum  match  the  linear  ball  races.  The 
balls  then  support  the  cable  drum  and  transmit  the  driving 
torque.  The  cable  drum  has  a  closure  disc  at  its  far  end 
which  locates  on  the  central  support  tube.  The  outer  drum  is 
therefore  free  to  move  laterally  while  under  torque.  The 
cable  exits  between  two  side  load  rollers  supported  on  the 
hoist  lateral  frame  members.  As  the  cable  pays  out,  the  drum 
will  move  across  the  aircraft.  A  locating  roller  supported 
on  the  hoist  frame  and  running  inside  the  drum  cable  groove 
ensures  the  alignment  of  cable  and  drum. 


Advantages  of  SPP  Configuration: 

•  Provision  of  a  constant  payout  point 

No  lateral  CG  shift 

—  Ease  of  location  for  external  load  snugged  to 
fuselage,  e.g.,  pod,  fuel  tank 

—  Easier  installation  of  external  conductor  system 

•  Elimination  of  level-wind  mechanism — leadscrews,  ball 
nuts,  bearings,  drives,  and  covers 

•  Weight  advantage — system  weight  advantage  of  approxi¬ 
mately  90  pounds 


Disadvantage  of  SPP  Configuration 
•  Increased  length  requires  wider  tunnel 


Dual-Cable  Hoists.  Dual-cable  hoists  promise  a  number  of 
advantages  over  the  single-cable  hoist: 

•  The  dual-cable  system  may  provide  a  possibility  of 
developing  a  "condition  comparator"  system  to  give 
advanced  warning  of  possible  cable  failure. 

•  Smaller  cables  have  greater  flexibility  and  higher 
strength/wt ; ght  ratios  than  larger  cables. 
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•  Use  of  handed  pairs  of  cables  would  permit  the  use  of 
rotating-cable  construction.  Rotating  cables  gen¬ 
erally  have  higher  strengths  than  nonrotating  cables.. 

•  Smaller  diameter  cables  would  be  easier  to  handle, 
store,  and  install. 

Three  basic  configurations  of  dual-cable  hoist  are  considered. 


Twin-Drum  In  Line 

The  configuration  shown  in  Figure  84  consists  of  two  drums 
mounted  on  a  common  axis,  driven  by  a  centrally  positioned 
low-speed  gearbox.  The  drums  would  have  opposite-handed 
helices  such  that  with  the  cables  fully  up,  the  cable  spacing 
would  be  approximately  16  inches;  when  fully  down,  the  spacing 
would  be  approximately  42  inches.  The  lower  end  of  the  cables 
would  terminate  at  an  equalizing  beam.  The  cables  pass  be¬ 
tween  side-load  rollers  as  they  leave  the  drums;  these  rollers 
are  mounted  on  lead  screws  and  synchronized  to  the  drum  rota¬ 
tion  to  ensure  correct  positioning  of  the  cable.  Configura¬ 
tions  with  24-inch- and  18-mch-diameter  drums  were  considered. 
The  18-inch-diameter  configuration  was  rejected  due  to  exces¬ 
sive  width  requirement.  With  cables  fully  out,  the  limit  for 
lateral  angle,  retaining  load  sharing  on  the  cables,  is  ap¬ 
proximately  16  degrees.  This  angle  is  a  function  of  the  length 
of  the  equalizing  box,  and  to  obtain  the  30-degree  angle  capa¬ 
bility  required  by  the  aircraft  system  requirements  document, 
this  beam  would  have  to  be  approximately  34  inches  long,  in¬ 
creasing  the  tunnel  width  to  62  inches.  A  tunnel  width  in 
excess  of  70  inches  would  involve  a  considerable  structural 
weight  penalty. 


Single-Drum,  Twin  Cables 

The  configuration  shown  in  Figure  85  is  essentially  similar  to 
the  single-cable  level-wind  hoist.  The  principal  difference  is 
that  the  drum  has  a  two-strrt  helix,  permitting  two  identical 
cables  to  be  wound  side  by  side.  The  side-load  roller  arrange¬ 
ment  will  require  a  third  roller.  The  equalizing  beam  will  be 
short  and  there  will  be  no  side  angle  restrictions.  The  dis¬ 
advantage  of  a  level-wind  hoist — the  cable  moving  across  the 
aircraft — is  inherent  in  this  design. 


Twin  Parallel  Drums 


The  arrangement  of  two  drums  side  by  side,  driven  from  a  com¬ 
mon  ATM  and  high-speed  gearbox,  would  permit  either  a  level- 
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wind  or  an  SPP  configuration.  The  configurations  are  shown 
in  Figures  86  and  87. 

This  arrangement  results  in  a  relatively  compact  unit  with  no 
geometric  restrictions  to  the  lateral  cable  angles.  Advantage 
can  be  taken  of  using  smaller  drums  without  the  unit  width 
being  excessive. 

Major  Factors  Influencing  Configuration  Selection: 

a.  Weight 

The  weights  used  in  this  study  have  been  determined 
to  provide  an  order  of  preference  for  the  configura¬ 
tions.  They  are  not  based  on  detailed  layouts  and 
must  be  considered  preliminary. 

b.  Size 

Hoist  size  has  been  determined  on  the  basis  of  as¬ 
sumed  tension  member  size.  Final  tension  member 
selection  will  influence  hoist  size.  Configurations 
requiring  a  tunnel  width  in  excess  of  70  inches  or  a 
length  from  center  of  tension  member  to  end  of  tunnel 
in  excess  of  30  inches  have  been  omitted  from  the 
candidate  configurations. 

c.  Cable  Angle  Limits 


All  configurations  have  been  based  on  longitudinal 
cable  angles  of  30°  forward  and  40°  aft.  One  config¬ 
uration  has  limitations  on  lateral  angles  of  approxi¬ 
mately  +16°.  Analysis  of  data  from  the  recently  con¬ 
ducted  flight(  tests  of  the  347  helicopter  with  external 
loads  will  provide  some  basis  for  establishing  a 
realistic  lateral  angle  requirement.  The  ASRD  cur¬ 
rently  requires  a  30°  coning  angle  capability. 


SINGLE-POINT  PAYOUT  VS.  LEVEL  WIND 


Configurations  maintaining  a  single-point  payout  have  some 
advantages  over  the  level-wind  system,  as  discussed  in  the 
description  of  single  cable  hoist  configurations. 

An  additional  advantage  of  the  single-point  payout  is  the  re¬ 
duction  in  the  maximum  reaction  at  the  structure  interface. 

For  example,  the  reaction  of  a  corner-mount  fitting  for  an 
ultimate  cable  tension  of  145,000  pounds  vertically  of  the 
hoist  arrangement  shown  in  Figure  87  would  be  36,250  pounds. 
For  the  configuration  shown  in  Figure  86,  the  maximum  reaction 
of  a  corner  fitting  could  be  as  high  as  87,000  pounds.  The 
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Figure  86.  Level-wind  Twin-Drum  Hoist. 


configurations  shown  in  Figures  83  and  87  utilize  a  sliding- 
drum  concept,  requiring  the  use  of  multiple  linear  ball  race 
units  as  splines.  Although  it  is  a  new  concept  for  hoist  de 
sign,  there  do  not  appear  to  be  any  insurmountable  technical 
problems  involved. 


MAINTAINABILITY  AND  RELIABILITY 

A  product-assurance  assessment  of  each  configuration  in  terms 
of  maintainability  and  reliability  was  conducted  to  establish 
a  ranking.  This  ranking  is  shown  in  Table  XXXIX. 


WEIGHT  DEVELOPMENT 


Cable  Weight 

Using  estimated  cable  strength  values  based  on  potential  de¬ 
velopment,  a  145,000-pound  cable  would  be  1.18  inches  in 
diameter.  On  the  same  basis,  a  72,500-pound  cable  would  re¬ 
quire  an  area  of  .53  square  inch.  Assuming  that  a  further  10- 
percent  strength  improvement  is  possible  by  use  of  rotating 
cable,  then  area  =  .9  X  .53  =  .476  square  inch;  diameter  = 

.78  inch.  Using  MIL-C-1511  cable  weight  of  approximately  2.83 
pounds  per  square  inch  per  foot,  1.18-inch-diameter  cable 
weighs  2.59  pounds  per  foot  and  .78-inch-diameter  cable  weighs 

1.13  pounds  per  foot. 

Figure  88  shows  the  relationship  of  area  to  cable  strength. 

Length  of  cable  on  a  24-inch  drum  is  120  feet;  length  of  cable 
on  an  18- inch  drum  is  116  feet. 

•  120  feet  of  1.18- inch-diameter  cable  =  120  X  2.59  = 

311  pounds 

•  2  X  120  feet  of  .78-inch-diameter  cable  =  2  X  120  X 

1.13  =  271  pounds 

•  2  X  116  feet  of  .78-inch-diameter  cable  =  2  X  116  X 

1.13  =  262  pounds 


Structural  Interface  Weight 


The  cargo  hoist  system  proposal  weight  breakdown  included  175 
pounds  for  track  and  fittings,  of  which  140  pounds  was  for  the 
load-reacting  fittings  on  the  tunnel  sidewall.  Additionally, 
the  structure  weight  breakdown  had  300  pounds  allocated  to 
direct  backup  for  the  hoist  installations.  Considering  this  as 
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a  total — 440  pounds— and  adjusting  for  the  increased  load 
results  in  440  X  1.25  =  550  pounds  of  installation  structure. 

Assuming  that  this  550  pounds  is  a  direct  function  of  the  sum 
of  the  maximum  reaction,  the  structure  weight  will  vary  for 
the  configurations  considered  as  shown  in  Figure  89. 


Hoist  Comparison 


Hoist  parameters  for  each  configuration  are  summarized  in 
Table  XXXIX.  Weights  shown  are  for  a  single-hoist  assembly. 


System  Comparison 


The  complete  system  comparisons  are  shown  in  Table  XL. 


LOAD  ISOLATION  ANALYSIS 

An  external  load  isolator  analysis  by  Boeing's  Technology  Dy¬ 
namics  Group  was  conducted.  Suspension-mode  natural  frequen¬ 
cies  and  pilot  response  to  1000-pound  1/rev.  vertical  rotor 
forces  have  been  computed  using  a  proposed  external  load 
isolator  stiffness  which  is  proportional  to  the  load  carried 
by  the  isolator.  Effects  of  cable  flexibility,  winch  rotation, 
rigid  body,  and  flexible  fuselage  modes  were  included.  Isola¬ 
tion  mode  frequencies  were  slightly  below  the  desired  1.50  to 
2.0  Hz  range  at  long  cable  lengths  and  pilot  response  was  about 
+.05g  at  1/rev,  primarily  due  to  rigid-body  fuselage  pitching. 
Essentially,  no  reduction  of  the  natural  frequencies  of  the 
uncoupled  fuselage  flexible  modes  occurred  when  the  load  was 
coupled  to  the  fuselage  with  the  proposed  isolator  charac¬ 
teristics  in  the  range  of  static  and  maneuver  conditions  cur¬ 
rently  considered  (minimum  isolation  load  to  maximum  load  at 
maximum  g  condition)  .  This  program  is  current  with  scheduled 
milestones  and  activities. 
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CABLE  AREA  -  (SQ  IN.) 


AREA  OF  145,000  LB  TENSION  MEMBER  =  1.09  SQ  IN.  DIA  =  1.18  IN. 

AREA  OF  72,500  LB  TENSION  MEMBER  =  .53  SQ  IN. 

LESS  10%  DUE  TO  USE  OF 

ROTATING  CABLES  =  .9  X  .53  =  .476  SQ  IN.  DIA  =  .78  IN. 


Figure  88.  cable  Area  Versus  cable  Strength 
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I  • 

DISTANCE  (IN.)  SIDEWALL  REACTION  ,  STRUCTURE 
- (PERCENTAGE  OF  W)  WEIGHT  i 


CONFIGURATION 

A 

B 

C 

MAX  R] 

MAX  R2 

Rj  +  R2  (LB) 

SINGLE  CABLE  HOISTS 

LEVEL  WIND 

50.0 

12.5 

19.5 

.75 

.61 

i 

1.36 

i 

550 

(FIGURE  82) 

SINGLE-POINT  PAYOUT 

63.5 

30.5 

33.0 

j 

.52 

.48 

1.00 

405 

(FIGURE  83) 

DUAL  CABLE  HOISTS 
TWIN-DRUM  IN  LINE 

64.0 

32.0 

32.0 

.50 

! 

.50 

1.00 

1 

405 

(FIGURE  84) 

SINGLE-DRUM- TWIN -CABLE 

61.0 

15.5 

20.5 

.75 

.66 

1.41 

570 

(FIGURE  85) 

LEVEL-WIND  TWIN-DRUM 

56.0 

28.0 

28.0 

.50 

.50 

1.00 

405 

(FIGURE  86) 

SPP  TWIN-DRUM 

44.0 

11.0 

15.4 

.75 

.65 

1.40 

567 

(FIGURE  8’’) 


Figure  89.  Structural  Interface  Weight,. 
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TABLE  XL.  SYSTEM  WEIGHT  SUMMARY 
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••Structural  weight  -  68%  of  installation  weight;  carried  as  structure  weight  in  aircraft 
weight  breakdown. 


CONCEPT  STUDY  MODEL 


To  illustrate  the  preliminary  design  of  the  pneumatic  concept, 
a  "breadboard"  nonpowered  model  was  fabricated  (Figure  90) 
using  a  compact  mechanical  arrangement  with  existing  hardware 
for  the  following  major  functional  components:  fixed -geometry- 
nozzle  axial  turbine  ATM  (including  manifolding) ,  forward 
rotation  control,  and  gearbox.  The  static  on-off  brake  and 
the  reversing  nozzle  (and  manifold)  were  simulated.  The  gear¬ 
box  has  a  15:1  gear  reduction  with  an  output  speed  of  approxi¬ 
mately  200C  rpm.  Turbine  and  nozzle  arrangement  and  operation 
are  observable  through  ms  'ifold  openings  as  shown  in  Figure 
90;  the  ATM  is  hand-operable. 

Components  of  the  model  were  originally  designed  for  a  main 
engine  "dual"  turbine  starter  rated  at  approximately  100  hp 
when  operated  with  cold  gas  (bleed  air) .  Gearing  was  designed 
for  approximately  400  hp  to  withstand  power  transfer  from  a 
solid  propellant  cartridge  starter.  The  100  hp  unit  weighs 
approximately  42  pounds  consisting  of  25  pounds  for  the  tubing, 
gearing,  and  assembly;  4-1/2  pounds  for  the  valve;  and  the 
balance  for  the  turbine  assembly  and  housing. 

Subsequent  development  (Phase  II)  based  on  modified  perfor¬ 
mance  requirements  in  order  to  achieve  200%  design  speed  for 
cable  payout  dictated  investigation  of  different  wheel  design 
configurations . 

Tests  to  substantiate  concept  development  are  discussed  under 
System  Concept  Demonstration  Testing,  pages  143  through  158. 

The  test  unit  used  is  shown  in  Figure  72. 
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Figure  90.  Pneumatic  Hoist  Drive  Concept  Study  Model 


